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PREFACE

Since February 1, 2003, we have heard questions about the worth of our research compared to the risks associated with
going into Earth orbit to do what cannot be done in the ground-based facilities. By the words of those among us that
knew and trained the crew of the Spaceship Columbia for STS—107, I am convinced that the crew understood the
sometimes unquantifiable value of basic research and viewed their participation and contributions to it with excitement
despite the well-known dangers. While combustion scientists are sometimes motivated by the aesthetics of equations or
flames, most argue persuasively that their work contributes to the improved well-being of planet Earth and its inhabit-
ants. So, to the recent questions my answer is partly in the contents of this book and the scientific achievement it
represents, but also in the informed decision of the Columbia crew to fly and the scores of astronauts and cosmonauts
who eagerly await the opportunity to carry on in their flightpath.

The Seventh International Workshop on Microgravity Combustion and Chemically Reacting Systems is planned for
June 3-6, 2003, in Cleveland, Ohio, near the NASA John H. Glenn Research Center at Lewis Field. The new name for
the workshop is based on the decision to broaden our scope to encompass support for future space exploration through
basic and applied research in reacting systems that in some cases may not look like combustion. The workshop has been
lengthened to 4 days with focus sessions on spacecraft fire safety and exploration-related research. We believe that the
microgravity combustion science community is almost uniquely positioned to make substantial contributions to this new
effort and we hope you will consider making the attempt to do so.

As before, the workshop is intended to be 4 days of learning, teaching, and creativity. We are grateful to the National
Center for Microgravity Research (NCMR) for their remarkable technical and organizational contributions to the
workshop. Led by its director, Professor Simon Ostrach, the deputy director, Tom Jacobson, and the chief combustion
scientist, Professor James S. T’ien, the conference staff of the NCMR has created another wonderful environment for our
work. I would like to specifically thank Norm Weinberg, Evan Halprin, William Yanis, Sandi Jones, Cindy Rosenberger,
Beatrix Norton, Maria Upton, and the conference director, Dr. Christine Gorecki. I would also like to thank the
Microgravity Combustion Discipline Working Group (DWG) for their contributed wisdom including Professors

Robert Altenkirch, Gerard Faeth, Jack Howard, Mitchell Smooke, and Forman Williams; Drs. Meredith Colket and
Julian Tishkoff; DWG chair, Professor Chung K. Law and Dr. Merrill K. King of NASA Headquarters. On behalf of
everyone, but especially the tardy authors, I would like to thank the NCMR staff and the NASA Glenn Logistics and
Technical Information Division and its contractors, particularly Caroline Rist, Amy Fennell, and Lori Feher for their
expert production of this book.

I note with fondness and best wishes the retirement of two bedrock contributors to the Microgravity Combustion
Science program. Dr. Thomas Labus retired as the deputy director of the NCMR. Among his many contributions is the
achievement in 1982, as a section head in the NASA Lewis Space Propulsion Division, of elevating to “space-flight”
program status the first Combustion Science Shuttle experiments: those of Professors Williams, Dryer, Berlad, and
Altenkirch. Mr. Michael Johnston retired as the creator of truly countless experimental devices for operations in the
NASA Lewis/Glenn drop towers and parabolic aircraft. We could paper the drop tower with the “thank you” letters
from student experimenters for Mike’s hand in their graduate research. The contributions of Tom and Mike, often
overlooked, affect much of the content of this book.

Finally, in the spirit of honoring the courage, effort, and sacrifice of those that have given so much to advancing the
science displayed in this book, I hope that you find the workshop educational, stimulating, and even useful.

Kurt Sacksteder

NASA Glenn Research Center
April 2003
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COMBUSTION OF INTERACTING DROPLET ARRAYS IN
MICROGRAVITY

D.L. Dietrich, P.M. Struk
NASA John H. Glenn Research Center

M. Ikegami and G. Xu
National Institute for Advanced Industrial Science and Technology

Introduction

Theory and experiments involving single droplet combustion date back to 1953[1], with the first
microgravity work appearing in 1956[2]. The problem of a spherical droplet burning in an infinite,
quiescent microgravity environment is a classical problem in combustion research with the classical
solution appearing in nearly every textbook on combustion. The microgravity environment offered
by ground-based facilities such as drop towers and space-based facilities is ideal for studying the
problem experimentally. A recent review by Choi and Dryer [3] shows significant advances in
droplet combustion have been made by studying the problem experimentally in microgravity and
comparing the results to one dimensional theoretical and numerical treatments of the problem.

Studying small numbers of interacting droplets in a well-controlled geometry represents a logical
step in extending single droplet investigations to more practical spray configurations. Studies
of droplet interactions date back to Rex and co-workers [4], and were recently summarized by
Annamalai and Ryan [5]. All previous studies determined the change in the burning rate constant,
k, or the flame characteristics as a result of interactions. There exists almost no information on
how droplet interactions affect extinction limits, and if the extinction limits change if the array is
in the diffusive[6] or the radiative[7] extinction regime.

Thus, this study examined experimentally the effect that droplet interactions have on the ex-
tinction process by investigating the simplest array configuration, a binary droplet array. The
studies were both in normal gravity, reduced pressure ambients and microgravity facilities. The
microgravity facilities were the 2.2 and 5.2 second drop towers at the NASA Glenn Research Center
and the 10 second drop tower at the Japan Microgravity Center. The experimental apparatus [8]
and the data analysis techniques [9] are discussed in detail elsewhere.

Experimental Results

Extensive testing in normal gravity showed that interaction effects have a stronger influence on the
extinction behavior of a binary array than the quasi-steady burning behavior. In normal gravity,
k is only a very weak function of the inter-droplet spacing at initial non-dimensional separation
distances (L/D) greater than 5. The extinction droplet diameter, Dy, however, is much smaller (if
it existed) for the droplet array at an instantaneous L/D of approximately 20. These low pressure,
normal gravity environment minimized, but did not altogether eliminate, the effects of buoyancy.
Initial drop tower tests [10] showed that the reduced pressure, air ambients that yield a finite ex-
tinction droplet diameter in normal gravity do not produce a finite extinction droplet diameter
in microgravity. In fact, at pressures down to the ignitable limit, the droplets burned to comple-
tion. Thus in order to observe extinction at finite droplet sizes, we performed the microgravity
experiments in reduced oxygen mole fraction, reduced pressure ambients.

The flame did extinguish at a finite droplet diameter at an ambient oxygen mole fraction of
0.15 (depending on the pressure). Figure la shows the burning behavior for a single droplet and a
binary array (L =~ 3mm) in a 0.15 oxygen mole fraction, 190mmH g ambient in microgravity. This
oxygen mole fraction ambient condition was not flammable in normal gravity at ambient pressures
up to 760mmHg. The burning behavior is non-linear, with k increasing throughout the flame
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lifetime. Finally, this figure shows that the flame size initially grew with time, reached a plateau,
then decreased with time until extinction. The flame standoff ratio, however, increased nearly
linearly with time throughout the burn.
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Figure 1: Droplet and flame histories as a function of time for a single droplet and a binary droplet
array (L ~ 4mm) in (a) 0.15 oxygen mole fraction, 380mmH g, nitrogen ambient; (b) 0.25 oxygen
mole fraction, 190mmH g, helium ambient in microgravity.

In the 0.15 mole fraction ambient and all pressures (90 — 760mmHg), the flame surrounding
the binary array extinguished at a finite droplet diameter. Figure la shows that while the single
droplet burned to completion, the flame surrounding the array extinguished approximately one
second after the igniter withdrew. The D.,; was approximately 1.1mm for both droplets of the
array. Further, the flame size was nearly 50 percent larger than the flame surrounding the single
droplet and the flame was much dimmer. In the binary array test, the flame size increased, reached
a maximum, and extinguished. The above trends were consistent over a range of inter-droplet
spacings and ambient pressures. In the 0.15 oxygen mole fraction ambient, the flame surrounding
the binary array always extinguished at a finite droplet size that was larger than the single droplet
extinction diameter.

The results cited above display an opposite trend to the normal gravity test results. That is,
interactions diminished flammability in the microgravity tests, whereas in the normal gravity tests,
interactions enhanced flammability. The large, weak flames in the microgravity tests were probably
more influenced by radiative losses (spectral, due to the lack of soot) from the flame zone than the
normal gravity tests.

Recent droplet combustion experiments on the Space Shuttle[11] showed that droplets burning
in helium-oxygen ambients exhibited large burning rates, smaller flame standoff ratios and finite-
sized extinction droplet diameters. The experiments further demonstrated both modes, diffusive
and radiative, of flame extinction. Figure 1b shows the burning history of a single droplet and a
binary array in a 190mmH g, 0.25 oxygen mole fraction (balance helium) ambient in microgravity.
The droplet histories were more linear and was much higher for the helium diluted experiments
than those in the nitrogen diluted experiments (Fig. 1a). Also, the flames were much brighter in the
helium-diluted ambients and the flame sizes and standoff distances in the helium-diluted ambients
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were approximately 50 percent smaller. The flame surrounding the single droplet extinguishes
quickly after ignition. The flame surrounding the binary array, however, burns much longer, with
D¢yt &= 1.1mm. This extinction trend is opposite to that displayed in nitrogen-diluted experiments,
but in agreement with the normal gravity experiments. The k for the binary array (0.75 mm?2/s)
was smaller than k for the single droplet (0.90 mm?/s), although there is only a short time period
in the single droplet experiment to calculate k. The flame height for the binary array was larger
than the flame height for the single droplet. Further tests showed that the flames surrounding the
binary droplet array at L ~ 8,12 mm (merged flames existed for both spacings) both extinguished
at droplet diameters smaller than the single droplet. The extinction behavior at L =~ 24mm,
however, was nearly identical to that of a single droplet.

The observed difference between the two ambients is attributed to the importance of radiative
loss. The nitrogen/oxygen tests had larger, weaker flames, and smaller burning rates and con-
sequently were affected more significantly by radiative loss from the flame zone compared to the
helium/oxygen tests.

Numerical Modeling

The numerical model of the single droplet (numerical modeling of the binary array is in progress)
is based on the model of the candle flame [12]. The model is one-dimensional and transient in both
the liquid and gas phase. The gas-phase model assumes: one-step, second-order overall Arrhenius
reaction, constant specific heats and thermal conductivity, constant Lewis number for each species
(although different species can have different, constant Lewis numbers), ideal gas behavior, and no
buoyant force. Flame radiative losses from carbon dioxide and water vapor are accounted for by
a gray gas treatment. Dietrich and co-workers [13] provide complete details about the numerical
model, solution procedure and a more complete listing of the results.

Figure 2 shows a comparison of an experiment in a 120mmHg, 0.15 oxygen mole fraction
ambient with the predictions of the numerical model. The D.;; are 0.76mm and 0.69mm for the
experiment and model, respectively. The agreement between the model and experiment is very
good. The predicted flame diameter and temporal behavior of the flame size are very close to the
experiment. The only exception is near the end of the test when the model predicts that the flame
size and standoff decrease until extinction, whereas the experiment shows that the flame standoff
increases continuously until extinction.

The numerical model correctly predicts many of the observed experimental trends. Further-
more, quantitative agreement is good for the temporal behavior of both the droplet and flame. This
agreement requires suitable values for the average gas-phase thermo-physical and chemical kinetic
properties. The fact that the droplet history agrees is not surprising, since even the simplest for-
mulation will produce good estimates of the burning rate constant as long as reasonable properties
are used in the formulation. Simplified models, however, do not predict accurate flame sizes, and
the current model provides reasonable agreement for flame size as a function of time. The model
does not predict the experimentally observed pressure dependence of extinction. This is due to
the simplified kinetics scheme, although it may be possible to change the pressure dependence of
the single step scheme to get better agreement. One surprising result of the model was the sen-
sitivity of the extinction conditions to the ignition parameters. The igniter location, energy and
duration must closely match the experimental values such that the model accurately predicts both
the pre-ignition vaporization behavior and ignition time (first appearance of a flame).
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Figure 2: Experiment and numerical model comparison for a single (Dy & 1.8mm) droplet burning
in a 0.15 oxygen mole fraction, 120mmH g, nitrogen-diluted ambient in microgravity.
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Droplet Vaporization in a Levitating Acoustic Field
G. A. Ruff',S. Liv?, and I. Ciobanescu®
'NASA Glenn Research Center, Cleveland, OH
*Mechanical Engineering and Mechanics Department, Drexel University,
Philadelphia, PA

INTRODUCTION

Combustion experiments using arrays of droplets seek to provide a link between single
droplet combustion phenomena and the behavior of complex spray combustion systems. Both
single droplet and droplet array studies have been conducted in microgravity to better isolate the
droplet interaction phenomena'” and eliminate or reduce the effects of buoyancy-induced
convection. In most experiments involving droplet arrays, the droplets are supported on fibers to
keep them stationary and close together before the combustion event. The presence of the fiber,
however, disturbs the combustion process by introducing a source of heat transfer and
asymmetry into the configuration. As the number of drops in a droplet array increases,
supporting the drops on fibers becomes less practical because of the cumulative effect of the
fibers on the combustion process. To eliminate the effect of the fiber, several researchers have
conducted microgravity experiments using unsupported droplets. Jackson and Avedisian®
investigated single, unsupported drops while Nomura et al.” studied droplet clouds formed by a
condensation technique.

The overall objective of this research is to extend the study of unsupported drops by
investigating the combustion of well-characterized drop clusters in a microgravity environment.
Direct experimental observations and measurements of the combustion of droplet clusters would
provide unique experimental data for the verification and improvement of spray combustion
models. In this work, the formation of drop clusters is precisely controlled using an acoustic
levitation system so that dilute, as well as dense clusters can be created and stabilized before
combustion in microgravity is begun.

While the low-gravity test facility is being completed, tests have been conducted in 1-g to
characterize the effect of the acoustic field on the vaporization of single and multiple droplets.
This is important because in the combustion experiment, the droplets will be formed and
levitated prior to ignition. Therefore, the droplets will begin to vaporize in the acoustic field thus
forming the “initial conditions” for the combustion process. Understanding droplet vaporization
in the acoustic field of this levitator is a necessary step that will help to interpret the experimental
results obtained in low-gravity.

EXPERIMENTAL METHODS

The acoustic levitator, shown in Fig. 1, is a single-axis driver assembly consisting of two
piezoelectric transducers in a sandwich configuration similar to that developed by Cao et al.’
Aluminum transmitter blocks are placed on both sides of the sandwich transducer and sized to
create a plane standing wave in the material when oscillating at 20 kHz. A titanium acoustic horn
is coupled to the forward transmitter to amplify the transducer displacement. The tip of the horn
is 29 mm in diameter and directs the acoustic wave towards a concave reflector (50-mm
diameter). The reflector focuses the acoustic pressure field to produce an axially- and radially-
varying pressure field between the driver and reflector.

The droplet evaporation tests were conducted by first producing an acoustic field and
then dispensing a droplet to the end of a 90-micron hypodermic needle from a 0.1 ml syringe.
Single droplets were simply pulled off the needle by the acoustic field as the needle was
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withdrawn. Multiple droplets were produced by rapidly moving the reflector up approximately 2
mm and returning it to its original position. The disturbance in the acoustic field broke up the
parent drop into a number of smaller droplets that were then captured and stabilized in the
acoustic antinode. The droplets are imaged through a window in the reflector using a CCD
camera and recorded on video tape. The time history of the diameter of the droplet (or droplets)
is determined by first digitizing the video and then analyzing sequential images using image
analysis software.

VAPORIZATION IN ONE-G

As in several other microgravity investigations, methanol has been used in our initial tests
of the acoustic levitator/droplet generator system.l’2 The first tests were to determine the effect of
the acoustic field on droplet vaporization rate for methanol. Table 1 shows the measured
vaporization rate for an isolated methanol droplet at different sound pressure levels (SPL). The
evaporation rate was found to be relatively independent of the strength of the acoustic field, at
least for the levels used in this experiment. Also, the vaporization rate compares very well to the
theoretical value for diffusion-controlled, quasi-steady droplet evaporation calculated to be
0.00331 mm?/s. Seaver et al.’ and Tian and Apfel® used acoustic fields similar in strength to
those used in this experiment and drew similar conclusions. Yarin et al.’ evaluated droplet
vaporization at higher SPL (160 dB and above) and found the effect to be significant. Although
stronger fields could be applied, the strength of the field was maintained at the minimum
required to levitate the droplets.

Table 1. Isolated Droplet Vaporization at Varying Sound Pressure Level

SPL (dB) do (Mmm) -K (mm?/s)
119 0.463 0.00352
123 0.476 0.00354

128.3 0.562 0.00400

Tests were also conducted using ethanol droplets to confirm consistent behavior with
drops having a different composition. Figure 2 shows the vaporization rate data obtained for
isolated ethanol and methanol drops. As expected, ethanol evaporates at a faster rate and, as
shown in the legend, both yield values of the vaporization rate constant, K, that compare well
with that predicted by the d*-law. Similar experiments were conducted using two- and three-
droplet clusters to develop and evaluate procedures before advancing to clusters having a greater
number of droplets.

Before discussing the experimental results for multiple droplet conditions, the theoretical
model to which the results are compared will be presented. A number of simplified theories of
droplet vaporization and combustion have been developed to study multiple droplet effects.'®"
Several investigations using detailed numerical simulations have also been conducted.'*'®
Labowsky'” applied the method of images to calculate the effect of arrays of up to seven equally-
sized interacting drops on combustion and evaporation process. He found that the burning rate
was decreased by approximately 10% when the drops were separated by 20 droplet diameters
and up to 30% as the spacing became less than 5 diameters. A more detailed, three-dimensional
analysis of Kim et al."” reached a similar conclusion. The Point Source Method (PSM) developed
by Annamalai and Ryan'’ determines the mass loss rate of interacting drops by treating each
droplet as a point mass source and heat sink, and evaluates the steady-state mass loss of arrays of
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interacting drops in a quiescent atmosphere with Le = 1 and Sh=2. For arrays up to 5 drops,
results from the PSM have been shown to be in excellent agreement with the results obtained
through the exact methods developed by Labowsky'® and Brzustowski er al.'' One of the
primary reasons for using the PSM method for the initial comparisons with our data is that, once
the appropriate equations are developed, experimentally-measured droplet diameters and spacing
can be input. This yields correction factors for the vaporization rate relative to the isolated
droplet vaporization rate for the unequally-sized and spaced droplets found in an experiment.

Table 2 shows the results of the PSM method for a typical three-droplet cluster. The
vaporization rate of the larger droplet is shown to compare fairly well with the predictions of the
PSM. The rates for the two smaller droplets are substantially less than predicted. Because of the
stability of the cluster, we know all three droplets were in the same pressure well and, therefore,
were exposed to relatively the same conditions. Yarin et al.’ indicated that without external
blowing, the accumulation of vapor in the pressure well could reduce the vaporization rate.
Given that convection by acoustic streaming would be to increase the vaporization rate and the
SPL for this experiment is well below the levels at which these effects are observed, vapor
accumulation appears to be a plausible explanation. Other data sets are being analyzed to further
evaluate these observations. Also, numerical simulations of the experimental configurations are
underway using a modified version of the Fire Dynamics Simulator (FDS) code'® to investigate
this phenomenon in more detail.

Table 2. Comparisons for Three-Droplet Ethanol Cluster

Droplet Spacing (mm) m"/m"so
Diameter (imm) 1-2 1-3 2-3 Experiment PSM
0.512 0.860 0.884
0.476 296 252 241 0.672 0.875
0.293 0.281 0.822

SUMMARY

A single axis acoustic levitator has been designed and constructed. The design of the
acoustic levitator provides both a vertical and lateral positioning force on the droplets and stable
clusters containing between 2 and 20 drops have been generated. Results have shown that
isolated droplet vaporization in a resonant acoustic field at 1-g are consistent with those of
previous researchers. Current work consists of comparing vaporization rates from droplets within
a cluster to predictions of the Point Source Method. Numerical simulations using the Fire
Dynamic Simulator (FDS) have also begun. Meanwhile, fabrication of the drop tower test
facility is progressing and should be ready for testing during the summer of 2003.
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Combustion of Porous Graphite Particles in Oxygen Enriched Air!

Andrew J. Delisle,! Fletcher J. Miller’ and Harsha K. Chelliah!
"Mechanical and Aerospace Engineering, University of Virginia, Charlottesville, VA 22903
 National Center for Microgravity Research, MS 110-3, Cleveland, OH 44135

OBJECTIVES:

Combustion of solid fuel particles has many important applications, including power genera-
tion and space propulsion systems. The current models available for describing the combustion
process of these particles, especially porous solid particles, include various simplifying approxi-
mations. One of the most limiting approximations is the lumping of the physical properties of
the porous fuel with the heterogeneous chemical reaction rate constants [1]. The primary ob-
jective of the present work is to develop a rigorous modeling approach that could decouple such
physical and chemical effects from the global heterogeneous reaction rates. For the purpose of
validating this model, experiments with porous graphite particles of varying sizes and porosity
are being performed under normal and micro gravity.

EXPERIMENTAL APPROACH:

As reported in the previous Microgravity Workshop [2], the major experimental challenges of
this project were particle deployment, ignition, and obtaining self-sustained oxidation under
normal and reduced gravity conditions. The typical char particle temperature that support
self-sustained oxidation is over 1600 K [3]. In practical coal combustors, because of the high
temperature environment containing oxygen and hot vitiated products, porous char particles
undergo self-sustained oxidation. Replicating such an high temperature environment in reduced
gravity facilities is difficult and has not been pursued yet. The main challenges of creating an
high-temperature environment in microgravity are related to the temperature decay due to heat
losses (during 20 seconds of reduced gravity in KC135 aircraft) and avoiding buouyancy driven
currents in the process of creating high-temperature environment.

(i) An Alternate Method of Self-Sustained Ozidation: Oy Enrichment:

In air at room temperature, the convective and radiative heat losses from the particle to the sur-
roundings are significant compared to the heat release; consequently, self-sustained combustion
was never realized. In addition, the heat losses associated with particle mounting can further
inhibit the particle oxidation. Under such conditions, an external energy source in the form of
a focused CO; laser beam, with a minimum heat flux of 88 W/mm? was needed to burn the
particle in less than 25 secs.

In order to attain self-sustained heterogeneous combustion of porous carbon particles, oxy-
gen enriched air was considered. With the enclosed chamber designed for this project [4], under
normal and reduced gravity room temperature conditions enriched air provided self-sustained
combustion when the oxygen mass fraction was above 55%. Similar enriched conditions were
used by Ubhayakar and Williams [5], in the context of combustion of a coal char particle (about
125 microns in diameter) under normal gravity conditions.

(i1) KC135 Aircraft Experimental Setup:
The first KC135 reduced gravity experiments with 1 mm size porous carbon spheres (porosity

"Work funded under NASA Grant NAG3-1928
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31%) in air were performed in October 2001, with follow-up experiments in oxygen enriched
air in March and April 2002 [6]. The experimental rig consists of an enclosed chamber certi-
fied for pure oxygen environment, COs laser and associated optics for rapid particle ignition,
Cohu monochrome camera with an Optem Zoom70 microscope lens, together with a Mini-DV
recorder to record the particle image at 30 fr/s (adequate for carbon particle oxidation with
burning rate constants of the order of 0.1 mm?/s), fiber optic coupled spectrometer for particle
temperature measurement, and oxygen sensor to monitor the enrichment level. All the above
components were mounted on 4ft x 2ft optical bread board, with a separate equipment rack for
power supply of the laser, water cooling system for the laser, laptop, etc.

(iii) Particle Mounting:

Laser drilled porous carbon particles, tethered with a 12 micron alumina (Al,O3) fiber as shown
in Fig. 1 were used in the present experiments. Because of the large aspect ratio (i.e. 1 mm
sphere with a 15 micron diameter hole), the laser drilled holes were far from the desired 15
micron straight holes. Laser drilling of the particles were performed by several commercial
vendors, as well as the NASA Glenn Research Center micromachining laboratory. In all these
attempts, the drilled holes took an hour-glass shape (with 75 micron at the ends and about 50
micron at the neck hole) because of the large aspect ratio involved. To maximize the number
of reduced gravity experiments in the KC135 aircraft, a rotary table with five particle holders
was designed [2,6].

Figure 2: Image of the ox- Figure 3: Image of the ox-
idizing particle in enriched idizing particle in enriched
air, using a OD 8 neutral air, using 410+ 10 nm band-
density filter [6]. pass filter [6].

(iv) Regression Rate and Surface Temperature Measurements:

Once ignited by the focused CO, laser beam, with a typical spot size of about 200 ym diameter,
the carbon particles oxidized in about 5-10 sec in oxygen enriched air. In the past research
we demonstrated the use of a microscope CCD camera for particle imaging [2] and a fiber
optic coupled spectrometer to measure the particle surface temperature [7]. From the camera
images, we were able to track the particle diameter vs. time using specialized tracking software
developed at NASA Glenn. Unlike droplet combustion which typically uses a backlit view
of the droplet, in our case the graphite particle was sufficiently self-luminous that we were
able to image it directly. That led, however, to an uncertainty in the data analysis when the
question arose as to whether the camera was imaging only the particle emission, or whether
there could have been an influence of a CO gas-phase flame that changed the apparent particle
size. Limited tests with optical filters (eg. OD 8 neutral density filter to reduce broad-band

Figure 1: 1 mm carbon par-
ticle mounted on 15 pm alu-
mina fiber [6].
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emission vs. 410£10 nm band-pass filter to capture CO emission) failed to conclusively answer
this question. Figure 2 shows an image of the luminous particle obtained with the OD 8 neutral
density filter, while Fig. 3 shows that obtained with 410 nm band-pass filter. The latter shows
a more diffusive image, indicative of the CO diffusive-reactive layer outside the particle.

A miniature fiber-optic coupled spectrometer (Ocean Optics S2000) was used to acquire
the emission spectrum from the particle in order to determine its temperature. This method
requires only that the particle emissivity be constant over the spectral region measured, but
not necessarily a black body. The recorded spectral emission in the range from 767 to 937
nm was considered, with fitting the resulting intensity vs. wavelength data to a black body
curve to obtain the temperature. To obtain the spectrometer sensitivity function, it was used
to measure a calibrated black body source at 1000°C [6].

(v) Ezxperimental Results:

Figure 4 shows the variation of the square of the normalized particle diameter vs. time, for
three enriched air experiments (60%, 65% and 70% oxygen) at room temperature, with glassy
carbon spheres (31% porosity) under normal gravity. These experiments were performed with
the 410 nm band-pass filter. The increase of the slope of the line with increasing O, level
indicates a distinct effect on the mass burning rate with oxygen concentration. This means
the combustion is in a diffusion-controlled regime, which is expected for the large particle size.
When oxygen mole fraction was below 55%, no emissions were observed indicating that self-
sustained oxidation is not possible. Limited porous carbon particle oxidation experiments were
performed under reduced gravity conditions, under similar oxygen enrichment conditions. Af-
ter each burn in the KC135 aircraft, a fresh particle on the rotary table was brought into a
preselected position in the camera field of view and the laser focus. However, minute shifts of the

12 [

—0—60% oxygen
—0-65% oxygen ——60% oxygen
—A—70% oxygen ——60% oxygen
——60% oxygen
—65% oxygen
—65% oxygen
— —70% oxygen
— —70% oxygen
— =T70% oxygen
— —70% oxygen

(Normalized Diameter)*2
(Normalized Diameter)"2

Figure 4: Comparison of the normalized equiv-  Figure 5: Comparison of the normalized equiv-
alent particle diameter square vs. time, for alent particle diameter square vs. time, for
oxygen enriched air under normal gravity. oxygen enriched air under reduced gravity.
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particle requiring fine adjustments of the CO, laser and camera, necessitated the use of OD
8 neutral density filter in reduced gravity experiments, instead of the 410 nm band-pass filter
used in normal gravity.

As expected, the carbon particles oxidized in enriched air without any difficulty in reduced
gravity, as shown in Fig. 5. Analysis of these data have indicated a slightly lower burning
rate constant compared to the normal gravity conditions. However, the results shown in Fig.
5 indicate no clear trend with oxygen enrichment, as summarized in Table 1. Also the results
shown in Fig. 5 indicate abrupt changes at some instances in time. These sudden changes
are believed to be due to g-jitter effects, but for these preliminary experiments we had no
accelerometer data. Even at these highly enriched air conditions, it is clear that the reduced
gravity oxidation time exceed that of the NASA 5.2 sec drop tower. Considering the initial
transition effects associated with particle heat up and ignition, the KC135 aircraft is the best
choice for experiments with solid fuel particles.

Table 1: A Preliminary Comparison of Particle Burning Rate Const. (mm?/s)

Oxygen mole fraction in air 60 % | 65% | 70%
1g experiments (with 410 nm filter — Fig. 4) 0.189 | 0.210 | 0.231
1g experiments (with the OD 8 neutral density filter) 0.191 | 0.162 | —

reduced g experiments (with the OD 8 neutral density filter — Fig.5) | 0.140 | 0.137 | 0.147

NUMERICAL APPROACH:

The details of the unsteady solid particle combustion model that is being developed were pre-
sented at the previous microgravity workshop [8]. The goal of this effort was to (a) couple
the internal pore combustion to external homogeneous combustion, (b) develop a set of consis-
tent inter-phase conditions for scalar variables, (c¢) investigate the transient effects, including
extinction of particle oxidation, and (d) validate the model with experimental data. While
the unsteady model predicted the ignition and subsequent quasi-steady state oxidation process
comparable to early experiments, calculations have not been performed for the oxygen enriched
air at room temperature. Because the experiments indicate a quasi-steady burning trend, for
both normal and reduced gravity, the goal here is to first perform the quasi-steady modeling
calculations first as described by Chelliah [3], before undertaking the computationally expensive
transient calculations.
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Liquid Flame: Combustion of Metal Suspensionsin Liquid Sulfur.

Sam Gor oshin, Lorena Camargo, and John Lee
McGill University, Montreal, Quebec, Canada

Combustion of the majority of solid heterogeneous systems such as pyrotechnics or SHS is accompanied
by phase change: melting or/fand vaporization of initial reactants and formation of intermediate
combustion products in a liquid or gaseous state. Most of the known binary heterogeneous systems are
also loose or compacted powder mixtures and are porous. Flows that are induced by volume change
during phase transitions, capillary forces, and evolution of gases trapped in pores complicate the flame
propagation process and the study of the high-temperature combustion chemistry. The system described
in the present paper is the first observation of a non-gaseous “uniphase’ flame when the initial mixture,
flame and combustion products are al in liquid state. Combustion of suspensions of iron and manganese
powders in liquid sulfur does not release gases and produces products (metal sulfides) that remain liquid
in the wake of the flame front. Though free from the flows induced by the phase transitions, the liquid
flame fronts are dstrongly influenced by gravity forces. Buoyancy-driven convection in cooling
combustion products and sedimentation of metal particles in the liquid sulfur matrix complicates the
study of the system at normal gravity conditions. The use of very fine, micron-sized metal powders and
the shallow-pool flame technique alowed the authors to provide some observations a normal gravity
conditions, though the study of this unique system in a wide range of parameters is possible only under a
microgravity environment.

Thermodynamics of the gasless metal-sulfur combustion

Our previous thermodynamic calculations [1] have indicated that some metal-sulfur reactions form very
smal amounts of gas products, i.e. they are practicaly gasess. Thus, for example, stoichiometric
compositions of Cr-S and Fe-S have pressures of gas products of about 6.5 and 10 mbar & adiabatic
flame temperatures of 2168 K and 1462 K correspondingly (constant volume combustion calculations).
Due to intensive “sparkling” demonstrated by the Cr-S mixtures that leads to creation of multiple flame
fronts, it was difficult to use Cr-S for the present open-pool flame experiments. The other candidate, Fe-S,
has a very low flame temperature and readily quenches when burned in thin layers. By combining
energetic, although gas producing mixture such as Mn-S, with gadess but low-energy Fe-S composition,
ternary combustion compositions might be designed that are gasless and posses, at the same time,
sufficiently high flame temperatures. Thus, thermodynamic calculations presented in Fig.1 shows that
Mn-Fe-S compositions demonstrate virtually gasless flames when the concentration of Mn-S in the
mixture is below 50 %.
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Figure 1 Adiabatic flame temperature and production of gas products in Mn-Fe-S mixtures as a function
of composition.
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Mixture preparation and shallow-pool flame experimental technique.
Stochiometric compositions of micron-sized (ds, < 10 microns) Mn, Fe and S powders were blended in a
rotating tumbler for several hours. The powder mixture was then placed in a Pyrex beaker and heated in a
heating mantle. Upon melting of sulfur, at around 1157 C, the mixture transforms into a uniform, free
from gas bubbles, low-viscosity suspension of metal powders in liquid sulfur.

Our previous experiments on flame propagation in solidified Me-S suspensions in wide cylindrical tubes
have indicated unstable flame fronts with irregular flame propagation velocity [1,2]. Apparently, this
behavior is the result of a very strong convection induced by buoyancy forces in high-temperature liquid
combustion products [3]. To avoid development of the convective flow, thin-layer, two-dimensiona
combustion fronts were used in present experiments.

The Zmm or 2mm deep cylindrical cavity, machined in a massive steel plate, was uniformly filled with
metal-sulfur suspension. In order to prevent solidification of the suspension, the plate was heated to the
temperature above the melting point of sulfur. Protective argon flow was maintained above the pool
surface to prevent possible ignition of sulfur vapor in air. The mixture was ignited at the center o the pool
by a thin tungsten glowing wire. The flame propagation process was recorded with a digital video camera
through a 457 inclined mirror. A schematic of the experimental setup and a photo of the flame in a 1-mm
deep pool of Mn-Fe-S suspension are shown in Fig. 2.

Mirror
Digital camcorder

Ignition wire u@

Protective argon flow

Ar

- Flame

Heating plate

Figure 2 Schematics of experimental set-up and photo of the liquid flame in the 1-mm deep pool.

Flame speed measurements.

Fairly symmetrical circular flame fronts (see photo in Fig. 2) moving with practically constant speeds
were observed in al studied compositions with the exception of the pure Fe-S mixture. The heat of
reaction in the Fe-S composition is very low and the flame quenches easily. Thus, flame circles in thin 1-
mm Fe-S layers were often discontinued leaving behind patches of unburned mixture. The flame speed
was quite reproducible in al compositions and, as a rule, noticeably higher in shallower :mm pools (see
Fig. 3). Flame fronts in both 1-mm and 2mm pools were also sharp and well defined with no evidence of
sulfur evaporation or boiling ahead of the flame front. However, in several experiments that were
performed with deeper 4 to 5 mm pools, boiling of the sulfur was observed at distances of about 34 mm
ahead of the flame front. Formation of dblique combustion fronts due to faster flame speed at the bottom
of the pool is clearly responsible for this phenomenon and was aso confirmed by thermocouple
measurements (see the next paragraph).

Flame speed data in mixtures of different compositions (Fig. 4) show that, contrary to expectations, flame
speed decreases with the increase of the manganese content in the Fe-Mn-S stoichiometric ternary
mixture, i.e., higher flame speeds are observed in less energetic mixtures with lower calculated flame
temperatures (see Fig. 1). Mixtures diluted with powdered inert products of Mn-Fe-S combustion also
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exhibit similar paradoxical behavior: flame speed practically remains the same in diluted mixtures in spite
of the decrease in calculated adiabatic flame temperature by almost 500 K (Fig. 5).
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Figure 3 Flametrgjectoriesin 1-mm deep and 2-mm deep pools plotted from six different shots ( 50% (Mn-S) and
50% (Fe-S) stoichiometric composition).

Figure 4 Flame speed and measured peak flame temperature as a function of the mixture composition in 1-mmand

2-mm deep pools.
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Figure5 Flame speed, calculated adiabatic flame temperature, and measured peak flame temperatures (line with
points) as afunction of the mixture dilution by the MnS combustion product.

Flame temper atur e measur ements.
Apparently, anomalous dependencies of flame speeds on mixture compoasitions reported above indicate
that calculated adiabatic flame temperatures do not define characteristic reaction rates in combustion
fronts. Hence, direct flame temperature measurements are required to correlate actual flame temperature
with the measured flame speed. Temperature profiles in flame fronts were registered by an array of three
C-type W-Re thermocouples positioned along the pool radius at distances of about 14, 28, and 42 mm
from the pool’s center. The thermocouple beads were submerged to about 0.5 mm below the surface of
the liquid combustible mixture. Thermocouples with three different bead sizes of about 0.5, 0.250, and
0.175 mm were used. Only the largest, 0.5 mm thermocouple can be recovered and used in multiple
experiments. Smaller thermocouples were usually destroyed in attempts to extract them from solidified
combustion products. The response time even for the largest thermocouple was mach smaller than the

NASA/CP—2003-212376/REV 1 15



characteristic cooling time of combustion products. Thus, the thermocouples of different bead sizes
registered practically the same peak flame temperatures. On the other hand, the response time, even for
the smallest thermocouple (0.175 mm), was not fast enough to resolve the temperature profile in the flame
preheat zone, which is estimated to be only 0.1- 0.2 mm thick due to very low heat conductivity of the
liquid sulfur. Typical temperature profiles registered by two .25 mm thermocouples are shown in Fig.6
and indicate maximum flame temperatures of only 1550-1600K compared to 2000 K that is predicted by
the equilibrium caculaions for this mixture (Fig. 5, 20% dilution). A similar tendency is observed
practicaly for all other mixture compositions where measured maximum flame temperatures are much
lower than those predicted by thermodynamic calculations (Fig. 4 and 5). The measured peak flame
temperatures are also relatively weak functions of the mixture composition and, in general, are close to
the melting point of the corresponding metal-sulfide product.

1800 1800
5mm
Fame 1600
1500 > "‘"—---_..__, f'ﬂ/
“‘ﬂ- [] '-~'
kj-‘\-..___ 1400 : MmO 220 11101
"o, ul,
4 i "‘"\“ « {.‘ - -..f \
@ 1200 g 1200 -
E 3 i
o © i
Gg)_ ﬂé_ 1000 i
5 %00 @ i
= = s00 ;
| f /
600 ! / 600 -
. i,
400
300

4 6 8 10 12 14 12 14 16 18 20 22 24
Time, seconds Time, seconds

Figure 6 Temperature traces from two .25 mm thermocouples positioned 14 mm apart in the 2-mm deep pool of
50% (Mn-S)-50% Fe-S mixture diluted by 20% of MnS.

Figure 7 Comparison of temperature profilesin 2mm and 5 mm deep pools (the same mixture asin Fig 6)

The cause for such low values of flame peak temperatures becomes evident if we compare temperature
traces in 22mm and 5-mm deep pools shown in Fig. 7. The much smaller rate of heat loss in the deeper 5
mm pools reveals that the combustion front has a complex, two-stage structure. Thus, the initial and very
fast combustion stage ends when the flame temperature reaches a melting point of the corresponding
sulfide product. A wide reaction zone that follows demonstrates a burning rate so slow that it cannot
compensate for the heat loss in the shallow 1 and 2=mm deep pooals, thus producing declining temperature
profiles. It revedls itsdf only when the rate of heat loss is sufficiently low as in the 5>mm deep pool. Only
the first fast reaction zone and the flame temperature associated with the end of it can affect the flame
speed. This explains the observed lack of correlation between measured flame speed and calculated
adiabatic flame temperature.

Authors gratefully acknowledge support of this work provided by the Canadian Space Agency under
contract No. 9F007-5011/001/ST.
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A Two-Dimensional Instability in Deflagrations with
Edges

M.Chen, J.Buckmaster

University of Illinois at Urbana-Champaign
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Abstract

We examine the Lewis-number-greater-than-1 stability of a deflagration sitting on a porous-
plug burner with an inert coflow. The flame edges generated by the coflow influence the stability,
and this influence is examined. Very wide flames display the same stabilit y characteristics
as unbounded flames (flames sans edges), but for moderately wide flames the instability is
suppressed. A new tw o-dimensional instabiliy can occur for narrow flames, and this can occur
for parameter values for which the unbounded flame is stable. There is a range of mass fluxes
for which a monotonic decrease in burner (flame) width generates a transition from unstable
flames to stable flames, to unstable flames, to quenching.

Introduction

In the present paper we examine a flame with an edge, but one that is forced by supply con-
ditions, and so is not formally an edge-flame, although edge-flame studies might provide useful
physical insights. A recen treview of edge-flames, both non-premixed and premixed, can be
found in [1]. Our purpose is to examine flames that within a 1-D framework can display a
pulsating instability, to see how the instability is affected by the presence of the edge.

The configuration, a planar one, is sketched in Fig.1, and corresponds, roughly, to a burner
with an inert coflow. A deflagration is supported above the burner exit face of width 2L,, but
the coflow regions, each of width L;, create dual edges.

When L, is large we would expect the flame to exhibit behavior ¢ haracteristic of 1-D burner
flames, and these have been studied for Lewis mimbers greater than 1 (our focus here) in [4, 5].
These studies show that the flame can certainly pulsate if the Lewis number is large enough,
and can even pulsate for a Lewis number of 1 if the heat loss to the burner is large enough.
Here we examine what happens when L, is not so large, so that 2-D effects are important and
the presence of the edges has a global influence on the combustion field.

Model formulation

We adopt a constant densit ymodel (an Oseen model in the steady-state) with an assigned
vertical mass flux M flowing both from the burner face and in the coflow. Non-dimensional
equations can then be written in the form:

O  w%L —ver g D(1—Ty)Ye 7,
ot Jy (1)
Y a 1 _, _e
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where -
1-—T,)6% E
—( bo) , 0= . (2)
2Le RT,
In these formulas, ( ) refers to supply conditions and Le is the Lewis number. The reference
mass flux M, used in this formulation is the first order asymptotic approximation to the mass
flux for an unbounded deflagration, valid in the limit § — oco. The reference temperature 7). is
the adiabatic flame temperature for a flame sans burner.
We shall seek solutions that are symmetric in x, and then the boundary conditions are as

D=
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=0: — =0= — 3
a: or ox (3)
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oT oY
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y 9y 9 (7)
We adopt the parameter values
1 1
TSZE,TOOZE,Le:1.3,9:7,H:60 (8)

The adiabatic flame temperature in this formulation is equal to 1, so that if the supply temper-
ature is 300K, the choice of T,, implies that the adiabatic flame temperature is 1800K.

Solutions

One-dimensional calculations show that blow-off occurs when M = .83; for M < .14 oscillating
solutions are found; and these persist down to M = .03, when quenching occurs. This behavior
has long been familiar.

We now examine 2-D solutions corresponding to a flame with edges. L;, the width of the
coflow, is set to the value 15. F or non-premixed conbustion there is a literature which implies
that an edge-flame is more susceptible to the Le > 1 oscillating instability than is the trailing
1-D structure [1, 6], but there are no comparable results for premixed combustion. Here we have
premixed combustion and a flame edge rather than an edge-flame; nev ertheless,for the data
(8) we set M = .15 (slightly greater than the critical value .14 for the onset of 1-D oscillations)
and L, = 85: the flame is stable. Moreover, a reduction of M to .12 and then to .08, values for
which the 1-D flame is unstable, yields only stable 2-D solutions.

Although instability is not found for L, = 85, the situation is different when L, is reduced.
The effects of various choices of L, are shown in the scatter plot in the M — L, plane in Fig.2.
If L, is small enough, the flame is quenched by the coflow, and the squares iden tify points
corresponding to quenched solutions. It is easier ( occurs at larger L) to quench a small M
flame than a large M flame, but the effect is small.

The stars in Fig.2 mark points for which the solution is oscillatory. The upper boundary
(broken line) of the domain of oscillating solutions is quite a strong function of M, and the
smaller the value of M, the wider the flame that can support oscillations. But in the domain
of Fig.2 (.05 < M < .3; 0 < L, < 50) a wide enough flame is always stable. There are no
instabilities when M > .3.
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The instability seen here is tw o-dimensional; there are significat fluctuations in the maxi-
mum reaction rate, and the position of this maximum shifts both in z and y. Fluctuations in
the maximum temperature are modest but nonlinear; the peaks are sharper than the troughs.

Note that these instabilities can occur for values of M for which the 1-D flame is stable. This
doesn’t follow immediately from the results of the section ’1-D results’ as only 1-D perturbations
are allo w ed for there, and the results of [5], for example, resal that the 1-D burner flame can
be more unstable to nonplanar disturbances than planar ones, although not excessively so. But
a number of attempts to trigger instabilities by the imposition of 2-D disturbances, failed when
L; = 0 for values of L, and M in the unstable band of Fig.2.

Of course, the 1-D instability, or nonplanar variations of it, can be recovered if L, is large
enough so that edge effects are small, and if M is sufficiently small.

Concluding Remarks

We have examined a deflagration sitting on a burner, one whose 1D counterpart can display
oscillating instabilities, and have explored the effect of flame width (and therefore flame edges)
on the stabilit y. We find that wide but finite flames can be stable for parameter values for
which the infinitely wide flame is unstable. But narrow flames can display a 2D instability that
appears to have little connection with the instability of the infinitely wide flame.

It is possible that the latter result has some connection with a recently described instability
seen in numerical simulations of propellant flames with edges, [7].
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Figure 1: Flame with edges on a porous plug burner with inert coflow
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INTRODUCTION

Highly strained diffusion flames experience extinction. Strain-rate variations in nonuniform
flows can lead to extinctions at some locations while the diffusion flame remains intact at others,
resulting in a diffusion flame with an edge. Mixing of fuel and oxidizer in the extinguished
regions can lead to triple flames. At strain rates high enough for the diffusive transport zones on
each side of the diffusion flame to be comparable in size with the preheat zone of the
stoichiometric premixed propagating nose of the triple flame, the two premixed flames of the
triple flame disappear, merging into a propagating edge of the diffusion flame. Detailed anayses
of such edge flames in genera necessitate considering the multidimensional, time-dependent
conservation equations. Buckmaster [1], however, identified a one-dimensional model that
simplifies the analysis greatly and reveals many properties of edge flames. The present work
explores further the implications of a model of this general type, addressing especially effects of
the Lewis number of the fuel.

Experimental motivation for the present study stems from observations of rotating spiral
edge flames in von Karman swirling flows [2]. Slow injection of fuel through a spinning porous
disk into air results under suitable conditions in flat diffusion-flame spirals, separated from the
disk by a distance only on the order of 1 mm, comparable with the corresponding premixed-
flame preheat-zone thickness [2]. Propagation of the edge of the spiral into the oncoming flow
locally resembles edge-flame propagation. Explanation of the spiral flames thus can make use of
knowledge of edge-flame propagation velocities. The spirals are observed to be different for
fuels of different molecular weights, thereby suggesting that the Lewis number of the fuel plays a
role. It isfor this reason that the present work focuses on effects of Lewis numbers. The spiral
flames are observed near extinction conditions, in that a small decrease in the flow rate of the
fuel completely extinguishes the flame. A mixture fraction, defined to be unity in the fuel feed
stream and zero in the air, has a small value, of order 0.1, already at the external surface of the
disk. The dominant heat loss from the diffusion flame therefore occurs by conduction through
the steep temperature gradient from the flame to the surface of the disk. This tends to cause
oxygen leakage through the diffusion flame, even on the basis of one-step activation-energy
asymptotics, independent of detailed chemistry. Lifian's [3] premixed-flame regime of the
diffusion flame therefore appears to be more applicable than the diffusion-flame regime
addressed by Buckmaster [1].

FORMULATION

Figure 1 illustrates the edge flame steadily propagating flame in the x-direction. The edge is
located at x=0, and the diffusion flame extends to x=c. The approximate, one-dimensional
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conservation equations for fuel mass fraction Y, and excess enthalpy Z, can be written in
nondimensional form as

2 6-6
v dY 9 vy =—lavexp & t, 1)
ds (s? e| 01065

2 —
d?z dZ_sz(LLljd_Y @

— -V— .
ds ds ds

where the non-dimensional excess enthalpy is defined as Z =(6 -6y) —(1-Y)/L. The other
non-dimensional variables are defined as

s =x/+at,V =v(pcp I A)Vat, 8 =c,T/q, L =A/(pDcy), A= (pc,/ A)athe ©)

In EQ. (3) sistheindependent variable, V is the propagation velocity, L is the Lewis number, A is
the Damkdohler number, A is a characteristic reciprocal-time rate prefactor, @is the dimensionless
temperature, D is the diffusion coefficient of the fuel, A is the thermal conductivity, v is the
kinematic viscosity, and q is the heat released per unit mass of fuel consumed. The length scales
t and a denote the thickness of the reaction sheet and the thickness of the diffusion layer,

respectively. The parameter £ = LRT? I[E(q/cyp)], is the reciprocal of the Zel’ dovich number
f p

~E/RT;

with E representing the activation energy, R the universal gas constant, and T is a characteristic
premixed-flame temperature, to be determined. It should be noted that we have assumed the
oxidizer mass fraction is in abundance at the flame and the conservation of oxidizer need not be
addressed in the premixed-flame regime for the one-dimensiona model. The boundary
conditionsforeq. (1) and (2) areY- landZ- O0ass - -coand Y- Y,and Z-0ass— c. Now
we seek solutions of eq. (1) and (2), assuming £to be a small parameter and V of the order unity,
using activation energy asymptotics. The details of the analysis can be found in [4] and they are
not presented here due to space limitations.

RESULTSAND DISCUSSION

Solution of eg. (1) and (2) yields arelationship between the propagation velocity V, the Lewis
number L, and the Damkohler number A. The genera relationship is somewhat involved and
here we consider the limit where Lewis number is near unity. We set L=1+&¢ with ¢ of order
unity. Inthislimit, to the leading order we obtain,

V +V2 +4 =26 exp {—EV J{M—V J (4)
[ WV2+4 )\ W2+4

where the reduced Damkohler number Jis defined as

2
5=_ToR_ |2Pp8A _jeRT,). (5
E(a/cp) A

Figure 2 shows the dependence of V on Jfor various values of ¢, according to eq. (4). For ¢=0,
Lewis number unity, eq. (4) reduces to V=3¢, which goes to infinity as d— o, minus infinity
as 0 — 0,and vanishes at d=1. When V is large and positive, eg. (4) becomes V=2%&"2, showing
that Lewis number greater than unity increase V, while Lewis number less than unity decrease it.
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When V is negative and large in magnitude, an expansion of equation (4) gives V = -
(U OExp(¢/2V%), which again shows that Lewis number greater than unity increases the
magnitude of V, while Lewis number less than unity decreases it. Behaviors at smaller values of
V, that is, for J closer to unity, are more interesting. Expanding eq. (4) for small values of V
produces the equation

V +2=20e""/8 = 251+V1/8). (6)
When J near unity the above equation becomes V(1-//4) =2(0-1), which reverses its

behavior for £ > 4. The propagation velocity becomes a non-monotonic function of the reduced
Damkohler number, there being three values of V for each value of Jin a range between a
minimum 0 < 1 and a maximum o0 > 1. Static stability reasoning suggests that the middle
solution is unstable. Therefore, there are two statically stable edge-flame solutions for each ?,
one for an advancing edge and the other for aretreating edge.

The preceding analysis has addressed edge flames on the basis of a one-dimensional model.
The resulting edges advance at large Damkohler numbers and retreat at small Damkohler
numbers as demonstrated previously [1]. The Lewis number affects the rate of advance or retreat
mainly by its influence on the excess enthalpy at the edge. For sufficiently large Lewis numbers,
the dependence of the propagation velocity of the edge on the Damkoéhler number is not
monotonic; there is a region about a propagation velocity of zero (an edge that is stationary with
respect to the gas) over which the steady propagation velocity decreases with increasing
Damkohler number, and the steady solution islikely to be unstable. Under these conditions there
appear to be two stable steady solutions, one for an advancing edge and the other for a retreating
edge. These steady solutions may apply to the leading and trailing edges observed [2] for spira
flames in von Karman swirling flows. Although the full analysis was completed only for Lewis
numbers near unity, the general formulas in the solution apply for arbitrary Lewis numbers.
Although the analysis was performed only for the premixed-flame regime of the downstream
diffusion flame, it is clear from the literature [1] that similar results would be obtained for the
diffusion-flame regime. Since only the details that are affected, the general characteristics of the
solution do not depend on the specific assumptions of the problem. The present results would
therefore apply to edges of both diffusion flames and premixed flames. Consideration of the
diffusion-flame regime with an oxidizer Lewis number different from unity could, however,
reveal different Lewis-number effects.

We have recently investigated the effects of curvature on edge-flame propagation speeds as a
function of the fuel Lewis number [5]. Both negative and positive curvatures, corresponding to
flame holes and flame disks, respectively, are considered. As seen before for edge flamesin the
diffusion-flame regime with unity Lewis number [6], we predict finite-time singular behavior for
both flame-hole closing and flame-disk collapse, meaning the fronts approach their annihilation
with ever-increasing speeds. As before both advancing and retreating fronts are possible for the
same Damkohler number when Lewis number is sufficiently greater than one. Analytica
expressions obtained in the limit of large radius of curvature show that curvature has
considerably less influence on propagation speeds.
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CONCLUSIONS

This study has shown how to describe steady edge-flame propagation for genera Lewis
numbers. The competition between fuel diffusion and conductive heat loss is responsible for
these effects. Advancing edges experience fuel depletion by transverse diffusion ahead of the
edge, at relative rates that increase with decreasing Lewis numbers, while receding edges have
conductive heat-loss rates that increase proportionally with increasing Lewis numbers. There are
conditions for sufficiently large Lewis numbers under which both advancing and receding edges
may exist with the same chemical reaction-rate parameters. The existence of stable steady
advancing and retreating edges at the same Damkohler number may have bearing on behaviors of
experimentally observed edge flames. Spira flames in von Karman swirling flows possess
steadily propagating well-defined leading and trailing edges [2]. Equating the propagation
velocity to the flow velocity at each of these edges may enable the shape of the spira to be
calculated. The positive and negative propagation velocity may apply to the leading and trailing
edge, respectively. Further research therefore seems warranted, investigating relationships of
predictions of this simplified model to experimental measurements of edge flames.
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Diffusive-thermal instabilities are well known features of premixed and diffusion flames. In one
of its form the instability appears as spontaneous oscillations. In premixed systems oscillations
are predicted to occur when the effective Lewis number, defined as the ratio of the thermal
diffusivity of the mixture to the mass diffusivity of the deficient component, is sufficiently larger
than one. Oscillations would therefore occur in mixtures that are deficient in the less mobile
reactant, namely in lean hydrocarbon-air or rich hydrogen-air mixtures.

For diffusion flames the conditions for the onset of oscillations are more complex [1]-[2]. First,
one may not speak of an effective Lewis number but rather consider two Lewis numbers, Ler and
Leo associated with the fuel/oxidizer respectively. Furthermore unlike premixed systems, the
compositions at the supply ends and the underlying flow conditions appear to be important
parameters. A stability theory of a nominally planar flame shows that instabilities occur only
when there is sufficient reactant leakage through the reaction zone. This would normally occur at
high flow rates, or near-extinction

conditions, when the Damkd&hler number D
inversely proportional to the square of the
characteristic flow speed is below a critical
value D, so that Dey < D < D, where Doy
identifies the extinction conditions. (A
Burke Schumann flame sheet corresponding
to complete combustion is therefore
unconditionally stable.) Oscillations result
when at least when one of the two Lewis
numbers is larger than one, as shown in
Figure 1, with the Lewis number of the
reactant diffusing against the stream being
of more relevant. We see that the parameter
plane of Ler versus Lep is separated into ol Y

i

Oscillations

Furi, et al. Proc. Combustion Institute 22 - 2000

Fuel Lewis Number

Dongworth b R. & helvin A C5T 14 - 1976

two regions identified by excess/deficiency g 1 <

in available enthalpy in the reaction zone. Oxidizer Lewis Number
Oscillations are possible only when the
available enthalpy is in excess while cellular
flames may occur when it is deficient. It is
not necessary for both Lewis numbers to be larger than one, oscillations may occur when one of

Figure 1
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the two Lewis number is close to or even below one, provided the other is sufficiently larger than
one. Another important parameter identified by the theory is the initial mixture strength ¢ defined
as the ratio of the mass fraction of fuel supplied at the fuel boundary to the mass fraction of
oxidizer supplied at the oxidizer boundary, normalized by their stoichiometric proportions.
Oscillations are more likely to occur when the mixture in the reaction zone is relatively "rich"
and hence characterized by an initial mixture-strength ¢ sufficiently larger than one. It should be
noted that in practice ¢ is not an independent parameter; variations in mixture strength brought
about by diluting the streams with an inert gas would also affect the values of the Lewis numbers.
This suggests that the mixture strength is perhaps the most important parameter that determines
whether oscillations will or will not occur. Finally, volumetric heat losses are also known to
promote flame oscillations [2]-[4]; oscillations may occur under conditions where, in their
absence, the flame remains stationary and stable.

The theoretical predictions summarized above are in general agreement with experimental
results; see for example [5] where a jet configuration was used and experiments were conducted
for various inert-diluted propane and methane flames burning in inert-diluted oxygen. Nitrogen,
argon and SF¢ were used as inert in order to produce conditions of substantially different Lewis
numbers and mixture strength. In accord with the predicted trend, it was found that oscillations
arise at near extinction conditions, that for oscillations to occur it suffices that one of the two
Lewis numbers be sufficiently large, and that oscillations are more likely to be observed when ¢
is relatively large.

The theoretical results reported above are based on a stability analysis of a nominally planar
diffusion flame, so that when oscillations occur the flame appears to move back and forth normal
to itself. Indeed, the diffusion flame surrounding a suspended fuel droplet [6] was seen to exhibit
radial oscillations and for jet flames the whole flame expands and contracts during a cycle [5] in
the axial direction. In other experiments where oscillations have been observed, whether in the
laboratory or in microgravity environment, the flame has an edge which is seen to advance and
retreat in a direction that more or less coincides with the diffusion flame trailing behind [7]-[9].
Edge-flames are two-dimensional structures that can be neither characterized as premixed nor as
diffusion flames. Studies of oscillating edge-flames were carried out numerically by Buckmaster
and co-workers [10] using a simple two-dimensional model
of a flame traveling along an axis, with the concentrations of
fuel and oxidizer specified in the transverse direction at two
opposing ends. The edge results in their model from the fact
that the fuel-supply is cut-off at a finite position. The
calculations reveal that when the Damkohler number is
sufficiently low and the fuel Lewis number sufficiently
larger than one (the oxidizer Lewis number was taken to be
equal to one) oscillations do occur. The results reported here
are based on numerical calculations [11] that examine the
dynamics of an edge-flame in a mixing layer. Two co- 5 Oxidizer

flowing streams, one of fuel and the other of oxidizer are o 5 ¥
separated upstream by a semi-infinite plate as shown in

Figure 2. The flame established in the mixing layer formed Figure 3

U,

Fuel
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behind the tip of the plate consists of an edge-flame standing at some distance from the plate and
a diffusion flame trailing behind. The objective is to examine the influence of the various
parameters on the onset of oscillations and show that the edge-flame in this nonpremixed system
possesses stability properties that share common features with those of diffusion flames reported
above.

The position of the edge-flame (xy, yy), defined as the location where the reaction rate attains its
maximum value, is plotted in Figure 3 as a function of the Damkoéhler number D for selected
values of equal Lewis numbers both larger than one. The calculations reported in this case
correspond to ¢ = 1, so that the diffusion flame trailing behind lies along the y-axis as illustrated
in Figure 2. For a given D the flame stands at a well-defined distance from the plate; it gets closer
to the tip as D increases and gets attached to the plate when D — oo. The solid parts of the curve
identify stable states while the dashed parts represent oscillatory states with an edge-flame
advancing and retreating along the axis. Thus, oscillations occurs when D < D, or at high flow
rates. The marginal state D = D, marked by a dark circle
depends on the Lewis numbers and the mixture strength;
the larger the Lewis numbers the larger D, implying that '.
oscillations are more likely to be observed when the o] 1\ leslesl7?
\

8-

Lewis numbers are sufficiently large. The temperature X ‘\" 3
history at various locations along the axis (representing v Letlesls
in this case the stoichiometric surface) shows that the ol \\‘\ '
oscillations are damped further downstream. This M

implies that it is primarily the edge of the flame that
oscillates and that the oscillations decay along the
trailing diffusion flame. Since in the absence of radiative

losses the flame extends to infinity, far downstream %t it 5 it
combustion occurs along a Burke-Schumann flame
sheet that, as discussed above, is absolutely stable. Figure 4

Although the results presented in Figure 3 considered equal

Lewis numbers for both the fuel and oxidizer, they are _°| o2 Ze=12, D=30

nevertheless representative of situations where the Lewis X \ ) WAV %
numbers are unequal and larger than one. As suggested it y
earlier, in non-premixed flames it is not necessary for both 4| WO 0w a0

Lewis numbers to be larger than one; oscillations may
occur even when one the two Lewis numbers is below one
provided the other is sufficiently large. This is verified in

Figure 4 which, similar to Figure 3 displays the position of S Ze=12
the edge-flame as a function of D with Ler = 3 and Lep = Ze=113— SN

0.8. Note the sensitivity of the results to the Zeldovich

number in this case. The figure in the insert shows the i e i0°

temporal variations of an unstable state which clearly

exhibits a limit cycle with the edge moving back and forth Figure 5
nearly along the stoichiometric surface that lies in this

case entirely in the fuel side (yy > 0).
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In the presence of radiative losses the diffusion flame trailing behind the edge-flame is quenched
beyond a certain point and the flame is of finite extent. Complete extinction occurs when heat
losses are excessive. This is shown in Figure 5, where the position of the edge-flame is plotted
against the parameter b representing the ratio of radiative heat losses to chemical heat release.
Total extinction occurs when b — by, the value of b where the curve becomes vertical. The
dashed part of the curves, where to b, < b < bey correspond to oscillatory states. The calculations
reported in this figure were carried out with unity Lewis numbers, in order to suppress diffusive-
thermal effects [12]. The results imply that heat losses alone can trigger flame oscillations. Note
that onset of oscillations requires a value of ¢ > 1 and that oscillations occur primarily at near-
extinction conditions.

Similar to diffusion flames edge-flames in mixing layers are s,  D-12
characterized by two Lewis numbers, one associated with the
fuel and the other with the oxidizer and by the mixture- ! |
strength ¢ based on the supply conditions. For oscillations to ! |
occur it is necessary for at least one of the two Lewis numbers | }
to be larger than one and for the mixture to be “rich” in fuel. | 1
Volumetric heat losses promote and may even trigger flame | ”
oscillation. Oscillations occur only at sufficiently high flow  s- i I
rates, or near extinction conditions, when there is appreciable /Q/ b, /»} Do
reactant leakage through the reaction zone. The mode of / i / o /
oscillation is a back and forth movement of the edge along L ‘
the stoichiometric surface that decays further downstream ~— ° %% 000% , 0o0om 000
along the trailing diffusion flame.

Figure 6
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Abstract

A Hele-Shaw flow apparatus constructed at Michigan State University (MSU) produces conditions that reduce
influences of buoyancy-driven flows. In addition, in the MSU Hele-Shaw apparatus it is possible to adjust the heat losses
from the fuel sample (0.001” thick cellulose) and the flow speed of the approaching oxidizer flow (air) so that the
“flamelet regime of flame spread” is entered. In this regime various features of the flame-to-smolder (and vice versa)
transition can be studied. For the relatively wide (~ 17.5 cm) and long (~ 20 cm) samples used, approximately ten
flamelets existed at all times. The flamelet behavior was studied mechanistically and statistically. A heat transfer
analysis of the dominant heat transfer mechanisms was conducted. Results indicate that radiation and conduction
processes are important, and that a simple 1-D model using the Broido-Shafizadeh model for cellulose decomposition
chemistry can describe aspects of the flamelet spread process.

Introduction

Prior to extinction, microgravity flames on solid fuels exhibit an instability that appears to be related to extinction or
the return of flame spread. This “flamelet” behavior extends the flammability range by altering the geometry of the
flame thereby enhancing oxygen delivery to the flame zone. Analysis of Thermal and Hydrodynamic Instabilities in
Near-limit Atmospheres (ATHINA) is a space flight project that examines near limit flame spread over materials that
resemble those found in spacecraft. Quantities influencing flammability are material physical properties spacecraft
atmosphere, and magnitude and geometry of the flow across the surface.

In the near-limit case [when: (1) oxygen concentration approaches flammability limits; (2) heat losses sufficiently
high; (3) air flow rate sufficiently low] a complicated form of flame spread behavior occurs. This behavior shows flame
front breakup into separate flamelets and propagation of fingered flamelet fronts. Systematic causes and long-term
behaviors of such flamelets are not understood: whether they are benign, whether they represent nascent precursor
flames, whether they represent an intermediate state between flaming and smoldering. Flamelets develop in low-gravity
conditions when the influences of buoyancy are smaller than under normal gravity conditions.

Previous extended zero-g work includes Space-Shuttle studies of smoldering [Olson et al (1998)]. This research is a
fully zero-g version of the smoldering process studied in an Earth-based apparatus, the precursor to the MSU Hele-Shaw
facility, by Zik et al. (1998). In the work of Zik the samples lay on the substrate. Both flame spread and smoldering were
possible, although attention was focused on smoldering. Both Olson et al. (1998) and Zik et al. (1998) obtained smolder
front bifurcations. We note that Olson et al. (1998) did not use a substrate, and that Zik et al. (1998) used elevated O,
concentrations (not air). Olson et al. (1998) used a potassium acetate doped cellulose fuel to promote smoldering while
inhibiting flaming.

Based on this previous research, a framework for ATHINA was built upon the notion that flame spread in near-limit
conditions depended upon two quantities, (I) the heat losses and (I1) the oxidizer transport rate. Quantity (II) is varied by
changing: (1) the O, level or (2) the opposed flow velocity. In our work we fixed the oxygen mass fraction Y, at the
level in the ISS (23% in N,). With the Y, fixed, near-limit conditions are created by either continually increasing the
sample-to-surroundings heat losses or keeping the heat losses constant while decreasing the oxidizer transport rate (i.e.,
the air flow rate). See Figure 1 for a qualitative rendering of the influences of (I) and (II) on flame/flamelet transition.

In principle, there are many ways to accomplish the heat losses from the sample. The ATHINA approach is to insert,
beneath the sample, a backing or substrate material that carries heat away from the sample (mostly by conduction and
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radiation). In the limit that the sample touches the substrate, Zik et al. (1998) obtained pure smoldering spread. When
there is a gap, flamelet spread occurs.
Hele-Shaw Apparatus

A facility was constructed that produces zero-gravity-like conditions to provide “ground-based support” for the zero-
g ATHINA flight project. Flamelet behaviors were observed over time periods of the order of several minutes. The Hele-
Shaw apparatus resembles the apparatus built by Zik et al. (1998) to study low-g smolder front propagation in elevated
O, atmospheres. The Hele-Shaw facility has a wide operating range. It yields data on flame spread analogous to present
NASA drop tests. We provide a brief summary of some of the results of our research effort. In the Hele-Shaw apparatus,
air flows from a plenum through a porous flow-straightening plate into the test section. Test section flow velocities are
calculated using flowmeters. Tests have used the hot wire technique to measure the velocity field, which resembles a
fully developed laminar channel flow.

In the test section, a backing (substrate), whose spacing can be adjusted, is placed beneath the sample, while a
transparent quartz plate is placed above it. Air and combustion products are exhausted downstream to the atmosphere.
Samples are ignited downstream of the inlet using a high resistance wire. Ignition of the sample occurs at a high flow
velocity that is ramped down for the final test section flow speed. The ignition procedure establishes a uniform, flat
flame front. Subsequent instabilities are then attributed to inherent flame dynamics, not initial irregularities of the flame
front. The substrate is a heat sink made of polished copper. The samples are secured an equal distance between the
copper backing and top quartz plate.

Results

At all test section/substrate heights, / (defined here as the distance between the sample bottom surface and the
substrate), flames began as spreading uniform fronts. Reduction of airflow caused the blue front to either break apart or
extinguish. The tiny flamelets remained present for most conditions. At lower oxidizer flow rates some of the cellular
flames would continue spreading down the sample displaying additional instabilities. A test is shown in Figure 2.

Experiments indicated that for high gap spacings 4 the flamelet sizes increased and flamelets were more stable. This
suggested that the flame front acts as a barrier to the oxidizer flow. Tests that were conducted in drop towers had a
much larger / than the Hele-Shaw apparatus. Oxidizer was able to travel behind the flame front (i.e., “leak’) around the
flamelets, giving an oval shape. Flamelets rarely oscillated when this occurred. Only the side edges oscillated with a
frequency of order 1 Hz. Oscillations either ceased and a more stable flamelet continued to spread across the fuel, or the
oscillations led to extinction.

An interesting and unexpected behavior was seen for /4 ~ 3,5,8 mm. A fast flame pulse traveled across the flamelet
front at frequencies ranging from 2 - /5Hz at various flow velocities and test section heights. Pulses originated in either
the middle or edge of the front and moved over the flame front. These pulsations may be related to the formation of a
combustible partially premixed gas mixture of fuel vapors (volatiles) and air between adjacent flamelets that can, when
“triggered,” produce premixed flame propagation across the flamelet front. This mechanism requires further
investigation by high-speed camera.

In some tests, the flamelets displayed fingering patterns like the smoldering/flame spread patterns found by Zik et al.
(1998) and Olson, et al. (1998). In these cases, the flamelets were evenly spaced and rarely combined with each other.
This suggested that adjacent flamelets competed for oxidizer. The substantial char-zone length before actual
commencement of fingering suggests a long transition period for its occurrence. Some flamelets split and then branched,
always readjusting to become evenly spaced. In cases with a single flamelet, several branches formed and burned to the
end of the sample. For some tests at 5 mm and 8 mm, the blue thin continuous flame front did not break apart and spread
to the end of the sample. The oxidizer flow was decreased but the oxygen transport was sufficient so the flame front did
not corrugate. As the flame burned through the edge, it turned from blue to yellow and sooty and burned more
vigorously, indicating either that the flame acted as a barrier to the oxidizer transport or there is oxidizer available at the
edge. As the flame burned through the sample air filled the middle open section allowing oxidizer to penetrate behind
the flame front. This produced a stronger burning flame since yellow soot, which forms at higher flame temperatures
than in blue flames, was observed.

The research conducted in the Hele-Shaw apparatus has enabled the construction of the Hele-Shaw version of the
Flammability Map (see Figure 3, which should be compared with the leftmost upper part of Figure 1).

It is possible to speculate that the instabilities are driven by reduced oxidizer transport rather than heat losses. When
the sample to quartz plate gap distance is fixed and the flow velocity is constant, variation of the gap distance between
sample and substrate can produce the full spectrum ranging from flame fronts to flamelet fronts. Thus, although reduced
oxidizer transport is important when the gap between sample and quartz plate diminishes, the adjustment of heat losses
can, without alteration of the geometry and flow of oxidizer, produce the full spectrum of flame responses.
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Statistical results

Another task concerns the statistical behavior of the flamelets as they form, bifurcate and extinguish. The Hele-Shaw
tests show the time progression of formation (birth) by bifurcation of an existing flamelet into two flamelets and
extinguishment (death) by extinction of the flamelets as they run out of oxidizer or are starved of oxygen by their
neighbors. In these tests, it required ~ 5s to establish the flow (flow speed = 5 cm/sec) which gave the precise conditions
under which the flame breakup tests took place. The flamelets that formed were tracked and counted as bifurcations and
extinctions occurred. The flamelets were numbered from top to bottom at the beginning of the breakup, and each one
was followed through its history. The position-time data give good linear correlation for the test time period. The
flamelet bifurcations and extinctions were tracked in time and the total population of flamelets as a function of time is
determined from the data. Each bifurcation adds one flamelet. Each extinction subtracts one. The bifurcations and
extinctions show a linear cumulative number of events, which means they occur at a nearly constant rate. The slopes are
slightly different, however, which suggests a gradual increase in population (average) over the test time. However, the
average population is sufficiently small that this difference is not apparent within the scatter of the population with time
(avg ~12). The running average is shown for comparison. Only data after breakup are used.

In order to obtain meaningful population data, the cumulative number of events should exceed twenty (20) as a
minimum. Although the flamelet spread rate seems to reach steady state quickly, it requires time to obtain population
statistics. For a bifurcation and extinction rate of 0.14 Hz, 214 seconds of data after breakup are needed to observe thirty
events. In addition, this sample was 18 cm wide, and flight samples will be 12 cm at most. Hence, the anticipated
number of flamelets obtained will be 3-5 (based partly on drop tower experience, which gives 5 or 6 flamelets on a 15
cm wide sample). Each bifurcation and extinction (+/ or —/) will strongly affect the running averages, hence more time
is needed for good averages. A steady or “stable” population is one with a nearly constant value, with nearly equal
“birth” and “death” rates. See Figure 4 for representative results.

Calculations

A one-dimensional model for predicting heat and mass transfer in thin cellulosic fuels using the Broido scheme was
developed in order to model heat and mass transfer during flame and flamelet spread over thermally thin cellulosic fuels.
Using this model, a numerical study was performed to indicate: (1) the heat transfer mechanism that dominates flame
spread; (2) the role of the “backing” or heat-loss substrate on the flame spread mechanism; (3) the influence of actual
cellulose pyrolysis kinetics on the heat transfer, release of volatile combustibles and formation of char from the original
solid fuel. A multi-step physical model for heat and mass transfer in cellulose decomposition was examined for the case
of flamelet propagation over thin solid fuels. In this model, the cellulose decomposes to volatiles and char through active
cellulose during the heating processes. The decomposition model uses the Broido-Shafizadeh mechanism.

A short temperature drop period was observed in the solid fuel during the heating and pyrolysis process. Numerical

results indicated that the solid fuel temperature was sensitive to the chemical rate parameters E, and E ; in the Broido-

Shafizadeh scheme governing equations. Emissivity variation during the pyrolysis process had little influence on
temperature profiles. The volatile diffusion process was numerically simulated and the results enabled the calculation of
an approximate flame existence time, which agrees satisfactorily with experiments, suggesting that the parameters used
in the numerical computations were reasonable
Conclusions

The Hele-Shaw facility is capable of examining numerous features of zero-g flamelet spread. It has the advantage of
providing long test times and accurate flow field conditions. Hot-wire measurements of the velocity fields inside the test
section showed good agreement with theoretical profiles. Many questions remain. Although oxidizer transport has been
shown to be crucial, it remains to examine its influences when Y, is changed keeping the flow constant. In this case, the
fluid dynamical transport is unchanged but the mass transport to the flamelet is increased. This trade-off must be
examined. Also, the details of the Hele-Shaw apparatus need to be scrutinized. In future experiments we will determine
the degree to which simulated low-g conditions are attained when the present right-side-up Hele-Shaw apparatus is
turned upside-down. If the upside-down tests differ greatly, g still plays an important role in the Hele-Shaw tests.
Finally, and perhaps most importantly, we have not conclusively demonstrated (yet) that the flamelet regime is in fact a
stable, non-transient (i.e., either temporary and unstable) actual intermediate physical regime lying between flaming and
smoldering. To demonstrate this, long tests with many flamelets and flamelet “events” (“births” and “deaths”) are
required.
References

1. Olson, S. L., Baum, H. R., and Kashiwagi, T., “Finger-Like Smoldering over Thin Cellulosic Sheets in
Microgravity, “Twenty-Seventh Symposium (International) on Combustion, The Combustion Institute, pp. 2525-
2533 (1998).

NASA/CP—2003-212376/REV 1 31



2. Olson, S. L., Kashiwagi, T., Fujita, O. Kikuchi, M. and Ito, K., “Experimental Observations of Spot Radiative
Ignition and Subsequent Three-Dimensional Flame Spread over Thin Cellulose Fuels,” Combustion and Flame, Vol.

125, pp. 852-86 (2001).

3. Zik, O., Olami, Z., Moses, E., “Fingering Instability in Combustion,” Phys. Rev. Lett., Vol. 81, pp. 3868-3871

(1998).

Figure 1. Conceptual plot of flame spread
instability process showing the stable flame
spread dome surrounded on the left by the near-
limit flamelet instability region and on the right
by the blowoff regime.
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Figure 3. The Flammability Map for the Hele-Sh
Rig. Also shown are data from other sources
[Olson et al. (2001)].
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Figure 2. Instability development during flame
spread. Note that the flame front breaks into
fragments that later form flamelets, which may
terminate or combine or divide.
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LAMINAR SOOT PROCESSES (LSP) EXPERIMENT:
FINDINGS FROM SPACE FLIGHT MEASUREMENTS
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C. Aalburg, F.J. Diez and G. M. Faeth
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INTRODUCTION

The present experimental study of soot processes in hydrocarbon-fueled laminar
nonbuoyant and nonpremixed (diffusion) flames at microgravity within a spacecraft was
motivated by the relevance of soot to the performance of power and propulsion systems, to the
hazards of unwanted fires, and to the emission of combustion-generated pollutants. Soot
processes in turbulent flames are of greatest practical interest, however, direct study of turbulent
flames is not tractable because the unsteadiness and distortion of turbulent flames limit available
residence times and spatial resolution within regions where soot processes are important. Thus,
laminar diffusion flames are generally used to provide more tractable model flame systems to
study processes relevant to turbulent diffusion flames, justified by the known similarities of gas-
phase processes in laminar and turbulent diffusion flames, based on the widely-accepted laminar
flamelet concept of turbulent flames [1-4]. Unfortunately, laminar diffusion flames at normal
gravity are affected by buoyancy due to their relatively small flow velocities and, as discussed
next, they do not have the same utility for simulating the soot processes as they do for simulating
the gas phase processes of turbulent flames.

Local effects of buoyancy are small in the soot reaction region of practical turbulent
flames; therefore, buoyant laminar diffusion flames can only provide a proper model flame
system for turbulent flames to the extent that buoyancy does not affect soot processes.
Unfortunately, soot particles are too large to diffuse like gas molecules and are primarily
convected by local flow velocities; as a result, their behavior in buoyant and nonbuoyant
diffusion flames is quite different [4-6]. This can be explained based on both measurements [7-
12] and predictions [13,14]. In a buoyant flame, soot nucleation first occurs near the flame sheet,
after which the soot convects inward to more fuel-rich regions before finally being swept out of
the flame (passing from fuel-rich to fuel-lean conditions) near the flame tip. In contrast, in
nonbuoyant flame, soot nucleation first occurs near the cool core of the flame, after which the
soot particles are swept directly through the flame (passing from fuel-rich to fuel-lean
conditions) at all points along the flame surface within the dividing streamlines. Thus, soot
processes within buoyant and nonbuoyant laminar diffusion flames are very different, with
results for nonbuoyant laminar diffusion flames representing soot processes of interest for
practical turbulent flames (that generally are nonbuoyant due to their large flow velocities).

These differences between soot processes in buoyant and nonbuoyant laminar diffusion
flames motivated the first phase of the present experiments which involved measuring soot
properties within nonbuoyant laminar jet diffusion flames. These results were somewhat
compromised, however, because the test flames had rather large residence times, and
corresponding large radiative heat losses; this resulted in radiative quenching near the flame tip
which caused tip opening phenomena and associated emissions of unburned fuel and soot along
the axes of the flames. Such excessive radiative heat losses are not typical of practical turbulent
diffusion flames; therefore, the present experiments emphasized conditions where the flames
were nearly adiabatic. Similar to the original experiments of Refs. 15-20, the present
measurements sought the shapes, the laminar smoke point properties and the soot properties of
round nonbuoyant laminar jet diffusion flames.
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EXPERIMENTAL METHODS

Apparatus. A sketch of the test apparatus appears in Fig. 1. The arrangement consisted
of a laminar jet diffusion flame stabilized at the exit of a round fuel nozzle extending along the
axis of a windowed cylindrical chamber. The chamber had a diameter of 400 mm, a maximum
length of 740 mm and was capable of operating at pressures of 30-130 kPa. The chamber was
filled with an O2/N2 mixture to provide the nominal composition of dry air (21 + 1% O2 by
volume) with total O2 consumption during a flame test less than 10%. The flames were ignited
using a retractable hot wire. Two fuel nozzles were considered, having inside diameters of 0.8
and 0.4 mm. The larger jet exit velocities, u,, for a given fuel flow rate, yielded characteristic
flame residence times,

te, = 2L¢u, (1)

where Lyt is the luminous flame length, that were 4-16 times smaller than the conditions of Refs.
15-20. The reduced radiative heat losses yielded nearly-adiabatic flames.

Instrumentation. Laminar flame shapes were measured using a CCD video camera.
Soot volume fractions and temperature distributions were measured using imaging techniques,
deconvoluting laser extinction measurements for soot volume fractions, and deconvoluting two-
line emission measurements to find soot temperatures and mixture fractions.  Other
measurements are described in Urban et al. [15].

RESULTS AND DISCUSSION

Flame Shapes. Flame shape predictions adopted the simplified approach of Lin et al.
[17] yielding the following expression for the flame length:

Li— Lo = (3CSc/8mw)) m/Zy )

where L, is the virtual origin, Cr is an empirical coefficient to match measurements and
predictions (C=1 (basic theory), =1.13 (soot-containing flame at the laminar smoke point, and
=0.56 (soot-free flame)), Sc=0.76 is the Schmidt number, p is the flame viscosity, 7 is the
burner flow rate and Z is the mass fraction of the fuel in a stoichiometric mixture of the burner
exit and ambient fluids (ambient fluid = air in the following). See Ref. 17 for the formulas for
other flame properties.

A typical video flame image appears in Fig. 2; these conditions correspond to an
ethylene/air flame for the 0.8 mm diameter burner at a pressure of 1/2 atm. This flame has a
length of 109 mm and is very near the laminar smoke point but with no evidence of tip opening.
A preliminary evaluation of the flame length prediction of Eq. (2) is illustrated in Fig. 3.
Predictions on this figure are for smoke-point and soot-free flames, setting L,=0, taking a mean
value of p for air at 1100 K for all the flames and using Z4=0.0636 and 0.0602 for ethylene- and
propane-fueled flames, respectively. The test conditions included two soot-emitting flames,
several flames near the laminar smoke point, several soot-containing flames at flow rates smaller
than laminar smoke point conditions, and one soot-free (blue flame). The comparison between
measurements and the simplified flame length expression of Eq. (2) is remarkably good for soot
emitting and laminar smoke point flames and for the soot-free flame. The other soot-containing
flames fall between these limits, as expected.

Laminar Flamelet Concept. The laminar flamelet concept implies that laminar
diffusion flames should have scalar gas properties that are only functions of the degree of mixing
of the flow, typically represented by the local mixture fraction, for given burner exit and ambient
conditions. These functions, called state relationships, are applied to turbulent diffusion flames,
assuming that turbulent diffusion flames involve a collection of strained laminar flamelets. The
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use of the laminar flamelet approximation is effective for buoyant and nonbuoyant soot-free
flames, vastly simplifying predictions because only mixture fraction predictions are needed to
find all scalar properties [1-4]. As noted earlier, however, similar state relationships are not
found for soot properties in buoyant laminar diffusion flames due to soot path effects. The
success of the simplified flame shape analysis discussed in connection with Figs. 2 and 3,
suggests that the laminar flamelet concept might be valid for soot properties within nonbuoyant
laminar diffusion flames. In particular, the simplified analysis shows that the variation of
mixture fraction (and thus all scalar properties) as a function of time is identical for all soot paths
from the burner exit to the surroundings. This also implies identical soot properties along all
soot paths through the present nonbuoyant laminar diffusion flames, even when the burner flow
is varied.

The potential for soot property state relationships was tested by considering maximum
soot concentrations along various soot paths for experiments carried out on STS-83 and —94.
These results are illustrated in Fig. 6 as ratios of maximum soot volume fractions for each path
considered through a given flame to the average of all the paths through the same flame, for the
four flames for these experiments where characteristic flame residence times were small enough
to make radiative heat losses small. As anticipated from the simplified theory, maximum soot
concentrations for all the paths through the flames, for given burner exit and ambient conditions,
are essentially the same within experimental uncertainties. Given successful subsequent
evaluation of the soot property state relationship concept from the STS-107 results, an important
simplification for understanding, and modeling, practical soot-containing turbulent diffusion
flames will be obtained.
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Fig. 1.  Sketch of the Laminar Soot
Processes (LSP) test apparatus for
observations of nonbuoyant round laminar
jet diffusion flames in still air at
microgravity.

Fig. 2. Video image of a nonbuoyant round
laminar jet diffusion flame in still air at
microgravity (ethylene fuel jet from a 0.8
mm diameter burner port, pressure = 0.5
atm, maximum luminous flame length and
diameter of 109 and 10 mm, respectively).
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INTRODUCTION

Processes of soot formation and oxidation must be understood in order to achieve reliable
computational combustion calculations for nonpremixed (diffusion) flames involving
hydrocarbon fuels. Motivated by this observation, the present investigation extended earlier
work on soot formation and oxidation in laminar jet ethylene/air and methane/oxygen premixed
and acetylene-nitrogen/air diffusion flames at atmospheric pressure in this laboratory [1-7],
emphasizing soot surface growth and early soot surface oxidation in laminar diffusion flames
fueled with a variety of hydrocarbons at pressures in the range 0.1-1.0 atm [8,9].

Sunderland et al. [1-3] investigated soot surface growth in laminar jet diffusion flames but
were unable to evaluate available mechanisms of soot surface growth and oxidation because their
measurements did not provide information about radical concentrations (e.g., H, OH and O)
needed by the theories [10-14]. Xu et al. [4-6] continued the work of Sunderland et al. [1-3] by
studying soot formation in laminar premixed flames. These measurements were used to evaluate
the Hydrogen-Abstraction/Carbon-Addition (HACA) soot surface growth mechanisms of
Kazakov et al. [10] and Colket and Hall [11]. It was found that the HACA soot surface growth
mechanisms provided excellent correlations of the measurements using quite reasonable steric
factors that appear in the theories. Xu and Faeth [7] extended the study of soot surface growth to
diffusion flame environments, considering acetylene-nitrogen-fueled flames burning in
coflowing air, and using the full suite of measurements developed during the premixed flame
studies of Refs. 4-6. These results showed that soot surface growth rates in premixed and
diffusion flames satisfy similar reaction rate expressions, and were well represented by the
HACA mechanisms of [10] and [11]. The present investigation extends this research to consider
the structure and soot surface growth and oxidation properties of laminar diffusion flames fueled
with hydrocarbons other than acetylene (e.g., ethylene, propylene, propane and benzene) at
pressures of 0.1-1.0 atm.

Early studies of soot surface oxidation by O, in nonflame environments were reported by
Nagle and Strickland-Constable [12]. Subsequently, Neoh et al. [13,14] studied soot oxidation
within laminar premixed flames. Soot surface oxidation in laminar diffusion flames has been
studied as follows: in methane/air flames by Garo et al. [15,16], and in ethylene-
nitrogen/oxygen-argon flames by Haudiquert et al. [17]. These diffusion flame studies supported
the findings of Neoh et al. [13,14] of the dominant role of OH in soot oxidation at near-
stoichiometric conditions in flames but yielded OH collision efficiencies that were not in
particularly good agreement with the results of Neoh et al. [13,14] for premixed flames. One
explanation for the disagreement was that optical scattering and extinction measurements were
used to infer soot structure properties during the diffusion flame studies that were based on
models that have not been very successful for representing soot optical properties [18-20]. Thus,
the present investigation also sought to resolve problems of soot oxidation in diffusion flames
using experimental methods developed during earlier studies of soot processes in this laboratory,
which avoid the experimental problems of [15-17].

EXPERIMENTAL METHODS
The experiments considered here involved new measurements in diffusion flames at
atmospheric pressure for various hydrocarbons burning in air and at pressures 0.1-1.0 atm
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involving acetylene-nitrogen mixtures burning in air. Flame and soot properties in these flames
were measured in the same manner as Xu and coworkers [4-7]. A total of six premixed and
thirteen diffusion flames were used to evaluate mechanisms of soot surface growth and oxidation
during the present study.

FLAME STRUCTURE

Typical of all flames considered thus far [1-7], soot in the present flames were aggregates
of nearly spherical primary soot particles with the primary particle diameters being nearly
monodlsperse at given locations in a particular flame. Structure measurements (temperature, T,
streamwise velocity, u; primary particle diameter, d,; soot volume fraction, f;; and the mole
fractions of stable and some radial (H, OH and O) species) were obtained along the axes of the
test flames. Results are illustrated in Fig. 1 for an ethylene/air flame at atmospheric pressure
which is typical of the other flames that were studied. Different flame conditions varied the
concentrations of acetylene and H in the soot formation region, species that are largely
responsible for soot growth through the HACA mechanism, but did not affect the fundamental
soot surface growth mechanism. Thus, soot formation began where H-atom first appeared in the
presence of significant concentrations of acetylene and ended where concentrations of acetylene
became small in the presence of significant concentrations of H-atom. Similarly, varying fuel
type varied concentrations of O, and OH that are largely responsible for soot surface oxidation
but did not affect the mechanism of soot surface oxidation. Finally, soot oxidizing species,
mainly OH and O2, are present throughout the soot formation region so that soot formation and
oxidation proceed at the same time with the former dominating fuel-rich conditions and the latter
dominating near-stoichiometric and lean conditions.

SOOT SURFACE GROWTH RATE PROPERTIES
Soot surface growth rates, w,, were interpreted using the HACA soot surface growth
mechanisms of Refs. 10 and 11, expressed as follows:

W = aiR; (1)

where i = FW and CH denote the mechanisms of Refs. 10 and 11, respectively, the o are steric
factors on the order of unity, and the R; are the complex HACA reaction rate expressions given
by Xu et al. [4]. As a first approximation, the R; are proportional to the product of the
concentrations of hydrogen-atom and acetylene, [H][C,H,]. Thus, measured values of w,/[C,H-]
are plotted as a function of [H] in Fig. 2, to provide a direct test of the main features of the
HACA soot surface growth mechanism without the intrusion of uncertainties due to the
numerous empirical parameters in the original detailed mechanisms; the correlation is
surprisingly good indicating similar soot surface growth rate behavior for premlxed and diffusion
flames involving various hydrocarbon fuels and pressures of 0.1-1.0 atm. A more direct
evaluation of the HACA mechanism of Colket and Hall [11] appears in Fig. 3; this mechanism
provides a reasonably good correlation of the measurements with a steric factor on the order of
unity as expected for soot surface growth rates for premixed and diffusion flames involving
various hydrocarbon fuels and pressures of 0.1-1.0 atm. Results for the HACA mechanism of
Kazakov et al. [10] were similar.

SOOT SURFACE OXIDATION RATE PROPERTIES
Similar to Neoh et al. [13], soot oxidation rates (corrected for effects of soot growth) were
converted into collision efficiencies, for oxidizing species, 1, as follows:

ni = 4wod/(CGi[i] V) (2)
where woy is the rate of soot surface oxidation per unit area, C; is the mass of carbon removed

from the surface per mole of species i reacting at the surface, [i] is the gas phase concentration of
1 adjacent to the surface, and
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V. = (SR T/(nM;))"? (3)

is the mean molecular velocity of species i, R, is the universal gas constant, T is the temperature
and M; is the molecular weight of species i. The measurements indicated that O,, CO, H,O and
O did not provide a good correlation of collision efficiencies for early soot surface oxidation.
Results for OH, however, illustrated in Fig. 4, provided an excellent correlation for all the test
flames, as well as for the earlier results in premixed flames due to Neoh et al. [13], yielding a
steric factor of 0.13 with an uncertainty of 0.05, essentially independent of laminar flame type
(premixed for diffusion), fuel type and pressures in the range 0.1-1.0 atm.
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Soot Nanostructure and Its Impact Upon the O, Oxidation Rate

Randy L. Vander Wal, Aaron J. Tomasek
NCMR c/o NASA-Glenn
Cleveland, OH 44135

Introduction

Studies of soot oxidation have ranged from in situ flame studies to shock tubes to flow
reactors [1]. Each of these systems possesses particular advantages and limitations related to
temperature, time and chemical environments. Despite the aforementioned differences, these soot
oxidation investigations share three striking features. First and foremost is the wide variation in
the rates of oxidation. Reported oxidation rates vary by factors of +6 to - 20 [2] relative to the
Nagle Strickland-Constable (NSC) rate for graphite oxidation [3]. Rate variations are not
surprising, as the temperatures, residence times, types of oxidants and methods of oxidation differ
from study to study. Nevertheless, a valid explanation for rate differences of this magnitude has
yet to be presented.

Experimental

Soots possessing different nanostructures were produced by pyrolysis of acetylene,
benzene or ethanol. These soots still in aerosol form were introduced into the post-flame gases
produced by a lean, premixed flame supported on a sintered metal burner. A synthetic air mixture
consisting of N, and O, was used for the methane premixed flame. The relative percentages of
O,/N, were varied to maintain the same total “air” flow rate while varying the relative O,
concentration, thereby maintaining the same “air” heat capacity. To produce an oxidizing gas
mixture, all flames used ¢ < 1 with a constant methane flow rate of 1.5 slpm. In this manner the
adiabatic flame temperature and post-flame gas temperature was maintained nearly constant for
this given fuel flow rate. A 5 slpm co-flow of N, was used as a shroud.

The soot and a portion of the post combustion gases were directed into a 1 inch outer
diameter quartz chimney of 6 inches in length, placed directly above the quartz tube. With this
setup, the temperature along the chimney axis was 750 +/- 30 °C, as measured by a type K
thermocouple. This variation was within the error range of the thermocouple, +/- 25 °C, and hence
it was taken as constant at 750 °C. With a known entrance gas velocity, the residence time of the
soot within the chimney is readily calculated based on buoyant acceleration as 75 +/- 5 ms.

Oxidation was conducted well above the flame front, in the post-flame gases. Burning
with phi < 1 ensures that that the OH concentration within the post-flame gases is insignificant
[10]. Given vastly slower rates for oxidation of carbons by H,O or CO,, the primary oxidant was
considered to be the excess O, [1]. The soot stream appeared as a thin cylinder with yellow C,
swan band emission associated with burning soot. Partially oxidized soot was collected at the
chimney exit by thermophoretic sampling directly upon a lacey TEM grid. A custom image
analysis program was scripted for analysis of the HRTEM images using a windows-based, macro
interface using Optimus v.6.5.

Results and Discussion

Analysis Model

The analysis of the oxidation process is based on a shrinking sphere model, where
reactions with oxidizer and corresponding mass loss occur at the particle surface. With this model,
changes in the primary particle diameter, as observed using TEM, are readily translated into mass
loss per unit surface area. The contribution of internal surface area and pore diffusional effects are
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not considered, but this appears justified as detailed in the discussion section for our experimental
conditions. It should be noted that this model makes no provisions or assumptions regarding the
soot particle structure, active sites, nor mechanism details of the oxidation reactions occurring at
the particle surface.

Results

Figure 1 plots the mass burnout rates versus free O, concentration for the soots derived
from the different fuels. Burnout rates are calculated relative to the initial particle size before
introduction into the flame environment. The mass loss rate increases with increasing O,
concentration as expected for all soots, yet the soots derived from benzene and acetylene exhibit a
dramatic difference in their oxidation rates. As observed, the acetylene soot requires a much
higher ambient O, concentration to achieve the same level of burnout (for any given reaction
duration) as the benzene derived soot. The soot derived from ethanol exhibits a very similar rate as
the benzene soot. The faster burnout rate for the benzene and ethanol derived soots is also reflected
in their complete oxidation at O, concentrations far lower than that of the acetylene derived soot,
despite similarly sized primary particles for these two soots. Plotted for reference is the calculated
NSC rate at each O, concentration at the measured post-flame gas temperature [3]. As seen in Fig.
1, the measured rates for the graphitic acetylene soot lie much closer to the NSC rates. Notably the
oxidation rates of all the soots exceed the NSC rate. HRTEM images of the soot have been
obtained and reported elsewhere [4]. These images form the basis for our subsequent discussion
and lattice fringe analysis as follows next.

Discussion

Soot Structure

Although the relation between carbon structure and reactivity is well-known in carbon
science from thermal and oxidative studies of coal [5], char [6] and graphite [7]; the relation for
soot remains unstudied. It is well-known that graphite oxidation proceeds anisotropically, i.e, the
reactivity of basal plane carbon atoms is far lower than that of edge site carbon atoms.
Measurements by Rosner and Allendorf observed a 10 - 100-fold reactivity difference between
isotropic and pyrolytic graphite, intrepreted on the basis of the differerent reactivities of carbon
atoms within basal plane versus edge site positions [7]. Similar variations in the different
oxidation rates for natural graphites were observed by Thomas [8] and Henning [9].
Consequently, the observed reactivity will be an average of basal versus edge site carbon atom
reactivities for graphitic layer planes of finite dimensions [3]. As the layer plane size decreases,
the number of edge site carbon atoms will necessarily increase in proportion to the number of
basal plane carbon atoms, allowing one to expect the overall reactivity to increase. In addition to
the size of the graphene segments, their relative curvature will also impact their oxidation rate.
Curvature arises from 5-membered rings within the aromatic framework [10]. This curvature
imposes bond strain because the orbital overlap giving rise to the electronic resonance stabilization
is lessened [12]. Therein the C-C bonds are weakened and individual atoms are more exposed, i.e.
they are more susceptible to oxidative attack. It is for these same reasons that fullerenes and
carbon nanotubes are less resistant towards oxidation than planar graphite [11]. A larger degree of
curvature (smaller radius of curvature) increases the imposed bond strain and hence the resistance
towards oxidation decreases, as has been found for carbon nanotubes of different diameters [12].
This duality of reactive sites forms the physical basis for the NSC oxidation rate expression which
takes into account both edge and basal plane carbon sites and their associated reactivities [3].
However, this semi-empirical rate is based on pyrolytic graphite, a structure with extended basal
planes and correspondingly few edge site carbon atoms. Consequently the overall oxidation rate
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would be expected to be relatively low compared to most other carbons possessing a less graphitic
structure. Notably there is no corresponding model or rate expression that takes into account the
curvature of graphitic layer planes and the associated impact upon oxidative stability.

Thus the reactivity of a soot particle towards oxidation depends upon its nanostructure, i.e. the size,
orientation and organization of the graphene layer planes. Variations in the graphene layer plane
dimensions, curvature, and relative orientation will greatly impact the reactivity of the individual
graphene segments, and hence the overall particle reactivity. Yet as discussed, little attention has
been given to soot particle nanostructure and its impact upon reactivity towards oxidation within
combustion systems. To the degree to which the soot nanostructure reflects a dependence upon
inception and growth conditions, so too will its oxidation rate reflect a similar dependence. Our
results clearly illustrate a dependence of the burnout rate upon the soot nanostructure as governed
here by both the initial fuel and soot growth conditions.

Applying the above discussion to the HRTEM images of our nascent soot samples as have
been reported elsewhere [13] and will be presented during the talk, we can compare structural
analysis with burnout rates. The benzene derived soot with short, unaligned segments translates
into a relatively high percentage of edge site carbon atoms relative to those located at basal plane
sites. In contrast, the acetylene derived soot consists of longer graphene segments, which implies
a smaller number of edge plane carbon atoms relative to basal plane atoms. Finally, the ethanol
derived soot produced similarly long, yet highly curved fringes, which creates high tortuosity, and
structural disorder throughout the particle.

Lattice Fringe Analysis

Though the HRTEM images are helpful in revealing the nanostructure of the two soots and
provide a basis for interpretation of differences in their oxidation characteristics, alone they provide
only a qualitative guide for the measured oxidation rate differences. A more quantitative measure
may be obtained by a lattice fringe analysis of the HRTEM images.
Figure 2 plots the histograms of fringe length for each of the three soots. As seen, the fringe length
distribution for the acetylene soot extends to much longer graphene layer plane dimensions.
Relative to the distribution for the benzene soot with 80% of the lamella between 0 and 1 nm in
length, only 50% of the acetylene fringe length distribution lies between 0 and 1 nm. Alternatively
only 2% of the benzene fringe length distribution is greater than 2 nm while 20% of the lamella in
the acetylene soot are greater than 2 nm. Of particular interest is that the fringe length histogram
for the ethanol derived soot is intermediate between those for the benzene and acetylene derived
soots as seen in Fig. 2. (For ethanol, 60% of its fringe length histogram lies between 0 and 1 nm
while 13% of the lamella are greater than 2 nm.) Its higher burnout rate clearly points to another
factor influencing its reactivity, such as curvature-induced bond strain. The curvature of the
graphene segments for the ethanol versus acetylene derived soots is readily apparent upon visual
comparison of the the HRTEM images which will be shown. The lattice fringe length
distributions serve to quantify the data conveyed by the HRTEM images and provide a firm basis
for our conclusions. Future work will be directed towards developing a correlation between the
soot nanostructure, as revealed by HRTEM and quantified by fringe analysis, and the soot’s
oxidation rate.

Conclusions

The work reported here illustrates a dependence of the soot particle nanostructure upon
synthesis conditions; namely temperature, time and initial fuel identity. Such structural variations
in the graphene layer plane dimensions necessarily alters the ratio of basal plane versus edge site
carbon atoms. A corresponding variation in the overall reactivity, reflecting an average of the
different reactivities associated with these specific atomic sites arises. This variation is illustrated
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here between a disordered soot derived from benzene and a graphitic soot derived from acetylene.
Their oxidation rates differ by nearly 5-fold. Curvature of layer planes, as observed for an ethanol
derived soot, is found to substantially increase oxidative reactivity. Relative to fringe length as a
manifestation of graphitic structure, curvature more effectively increases reactivity towards
oxidation. Larger variations in oxidation behavior may be expected, depending upon the soot
synthesis conditions. Other physical properties may similarly be affected.
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INTRODUCTION

The research addressed here is a collaborative project between University of Delaware and
Case Western Reserve University. There are two basic and related scientific objectives. First,
we wish to demonstrate the suitability of spherical, laminar, premixed flames in the study of the
fundamental chemical and physical processes of soot formation. Our reasoning is that the flame
standoff distance in spherical flames under microgravity can be substantially larger than that in a
flat burner-stabilized flame. Therefore the spherical flame is expected to give better spatial
resolution to probe the soot inception and growth chemistry than flat flames. Second, we wish to
examine the feasibility of defining the laminar flame speed of soot forming flames. Our basic
assumption is that under the “adiabatic” condition (in the absence of conductive heat loss), the
amount and dynamics of soot formed in the flame is unique for a given fuel/air mixture. The
laminar flame speed can be rigorously defined as long as the radiative heat loss can be
determined. This laminar flame speed characterizes the characteristics of soot formation and
dynamics in addition to the heat release rate.

The research involves two integral parts: experiments of spherical and cylindrical sooting
flames in microgravity, and the computational counterpart that aims to simulate sooting laminar
flames, and the sooting limits of near adiabatic flames. During the last two years, our primary
focus has been to prepare the experiments that are to be conducted in the 2.2-second
Microgravity Drop Tower. The diagnostic system has been developed and tested [1]. Several
experimental and computational projects have been carried out with the aim to address issues
related the overall aim of the research. These projects are (a) a computational study on the role
of ions in soot mass growth [2], (b) the simulation of detailed particle size distribution functions
of soot formed a laminar premixed flame [3], and (c) an experimental and computational study
on the role of iron additive on soot formation [4]. Status of the microgravity experiments and the
results of the aforementioned projects will be reviewed below.

MICROGRAVITY EXPERIMENT STATUS

Sooting flames will be studied in the near future using spherical and cylindrical flame
configurations in microgravity. These two configurations are preferable to the popular twin
counterflow flame method because they prevent the sooting non-uniformity as found in the
counterflow geometry. The proposed method also allows the simple determination of the
unstretched burning velocity by varying the mass flow rate of the reactants and measuring the
resulting flame radius. Since the flame location must be accurately known, a simple and
compact optical technique first needed to be developed and tested.

In the planned study, an optical system using the Rainbow Schlieren Deflectometry (RSD)
concept will be used to precisely determine the flame location. This system, shown in Fig. 1,
was designed and built for use in the 2.2-second Microgravity Drop Tower at NASA Glenn. It
uses a CCD color camera (operating at 30 frames per second), together with a calibrated color
filter, light source, and lenses, to obtain the instantaneous temperature field of an axisymmetric
flame. An on-board light source provides the necessary illumination for the RSD system.
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Figure 1. Picture of current drop rig RSD optical setup. Blue line
indicates the path of the RSD light beam.

Focusing
Lens

The entire system (optics and software) was
tested using a sample premix methane/air Bunsen
flame with co-flow. Figure 2 shows a sample raw
RSD image obtained at an equivalence ratio of
0.75. The resulting RSD temperature data was
compared to temperature measurements using a
thermocouple (Fig. 3) and chemiluminescence
imaging of the flame surface (Fig. 4). It was concluded that, although it is difficult to accurately
measure the high temperature region, it is possible to accurately determine the flame location
using this system. The flame location is obtained by locating the point of maximum temperature
gradient, which is located close to the point of maximum heat release. The error in locating the
flame surface was estimated to be about £0.15 mm.
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Figure 2. Raw RSD image of a methane/air flame. Figure 3. Comparison of temperature contours by
thermocouple and by RSD at 200 flame locations.

In the lean methane case, the flame location obtained using RSD was found to be equivalent
to that obtained using chemiluminescence imaging (see Fig. 4). Under moderately sooting
conditions, direct imaging of the flame surface is not possible, but RSD still provides acceptable
images (see Fig. 5). In the future, more work will be done to test the system using different fuels
and sooting conditions. The microgravity rig is currently under construction and the first drops
are scheduled for the late summer, 2003. More work still needs to be done to improve the
fabrication and optimization of the RSD filters. Better filters would provide better sensitivity
and therefore less error in determining the temperature field.

DIRECT
IMAGING

DIRECT
IMAGING

Figure 4. Comparison of chemiluminescence and RSD imaging Figure 5. Comparison of chemiluminescence and
for a ¢=10.75 flame. RSD imaging for a fuel-rich flame.

NASA/CP—2003-212376/REV 1 46



THE ROLE OF IONS IN SOOT MASS GROWTH

In sooting flames, a large fraction of the soot particles may be charged due to thermal
ionization. The density of charged particles is expected to increase exponentially with an
increase in flame temperature and particle size. Due to charge interactions, the coagulation of
charged-neutral particles can be notably enhanced. Furthermore, the presence of charge on the
particles may also affect the surface reaction rate. Although the role of ions in soot formation
has been extensively discussed, the influence of charged particles in soot mass growth has not
been quantitatively examined by considering the detailed particle size distribution function.

We carried out a detailed numerical simulation study with the goal to assessing the role of
charged particles in soot mass growth [2]. The results show that at 2000 K, as many as 50% of
the particles are charged. A rigorous consideration of coagulation enhancement due to charge
interactions gives, however, little difference in the predicted soot volume fraction. This result
allowed us to conclude that as far as the simulation of soot formation is concerned, the omission
of thermal ionization does not lead to significant differences in the predicted growth of soot
particles. Thermal ionization would play a role in the growth of soot particles if the surface
reactions between charged particles and gaseous molecules were enhanced. Nevertheless, the
uncertainty associated with the omission of thermal ionization is significantly smaller than the
uncertainties in the kinetics of particle inception and surface growth in most laboratory flames.

SIMULATION OF DETAILED SOOT PARTICLE SIZE DISTRIBUTION FUNCTION

In a recent study [5], detailed soot particle size distribution functions (PSDFs) were
measured using a nano scanning mobility particle sizer. It was found that the PSDFs could be
bimodal (Fig. 6), depending on the strength of particle nucleation in the post flame [3]. The
characteristic bimodal PSDF shape is expected to be pertinent to flames with maximum flame
temperature < ~1700 K.
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Figure 6. PSDFs measured in a ¢ = 2.07 premixed ethylene flame. Figure 7. PSDFs computed in a ¢=2.07 ethylene flame.

The bimodality poses a challenge for accurate prediction of the intensity of soot radiation,
which is greatly influenced by soot surface area and thus the shape of the PSDF. Moreover, the
existence of the bimodal distribution provides a stringent validation test for the soot model [6],
since the bimodal behavior affects the rate of soot mass growth and thus the soot yield. For this
reason, we carried out a detailed numerical simulation using a recently developed stochastic
method [7]. The results show that the model predicts well the shapes of the measured PSDFs,
although the particle size was somewhat under-predicted (Fig. 7). The cause for this discrepancy
is currently under investigation.
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THE ROLE OF FERROCENE IN SOOT FORMATION

It 1s known that while ferrocene suppresses soot formation in diffusion flames, it promotes
soot formation in premixed flames. The consensus appears to be that in premixed flames iron or
iron oxide would nucleate early into particles, which provide a substrate for carbon deposition.
This phenomenon is viewed as soot nucleation induced by iron or iron oxide. In diffusion
flames, however, the iron incorporation promotes the catalytic burnout of the carbon as soot
transverse through the oxidizing region of the flame.
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Figure 8. Measured critical C/O ratios of ethylene/oxygen/argon Figure 9. Computed critical C/O ratios in the undoped
flames (Ar/O = 2.25) w/o ferrocene doping. The doped flames —f1ames.
have 20 ppm ferrocene.

In this study, we examined the critical sooting limits of premixed ethylene flames with and
without ferrocene doping. Figure 8 shows the experimentally measured critical C/O ratio as a
function of the flame temperature. The critical C/O ratios follows a characteristic, inverted bell
shape dependence. The doped flames have smaller critical C/O ratio, indicating that the soot
inception is indeed promoted by ferrocene. Computationally, the possible influence of the
cyclopentadienyl resulting from ferrocene decomposition is examined. The computational
results reproduced well the inverted bell shape dependence (Fig. 9). The concentration of
cyclopentadienyl radicals due to ferrocene pyrolysis was found to be too small to influence the
PAH concentration and thus the homogeneous nucleation of soot. This result further supports
the notion that, in doped flames soot nucleation is induced by iron or iron oxide particles.
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INTRODUCTION

Oxygen-enhanced combustion permits certain benefits and flexibility that are not otherwise
available in the design of practical combustors, as discussed by Baukal (1998). The cost of pure
and enriched oxygen has declined to the point that oxygen-enhanced combustion is preferable to
combustion in air for many applications. Carbon sequestration is greatly facilitated by oxygen
enrichment because nitrogen can be eliminated from the product stream. For example, when
natural gas (or natural gas diluted with CO,) is burned in pure oxygen, the only significant
products are water and CO,. Oxygen-enhanced combustion also has important implications for
soot formation, as explored in this work.

Most fundamental sooting limits have come from studies of laminar premixed flames. One
reason for this is that both temperature and the C/O atom concentration ratio are nearly constant
in the soot forming regions of premixed flames. The limits typically are identified by the C/O
ratio at which luminous yellow emission is barely perceptible. The limits are intrinsic properties
of the mixtures and offer both practical value and fundamental information about soot inception
processes. When a limit occurs at a high C/O ratio for a given flame temperature this indicates
conditions, e.g. fuel type, that are less conducive to forming soot. Takahashi and Glassman
(1984) concluded that sooting limits in premixed flames arise from a competition between fuel
pyrolysis and oxidative attack. Markatou et al. (1993) found that oxidation of light hydrocarbons
(such as C,H3), rather than oxidation of polyaromatic hydrocarbons (PAH), is the mode of
oxidation that is critical to sooting limits for premixed flames. The formation of PAH and soot is
prevented by the oxidation of these light hydrocarbons.

Despite the differences between soot inception in premixed and nonpremixed flames, the
C/O ratio (which varies with position in diffusion flames) is proposed here to be relevant to
sooting limits in diffusion flames. Du and Axelbaum (1995) employed the C/O ratio to explain
their observations of what later came to be called permanently-blue flames. The fundamental
point here originates from the same reasoning as to why C/O ratio is relevant in premixed
flames. When the C/O ratio is unity, there is exactly enough oxidizer to retain the carbon in the
gas phase as CO, while at higher C/O ratio there is insufficient oxidation to gasify the carbon and
this would be expected to lead to soot formation. Owing to finite-rate chemistry and the
production of H>O and CO, the measured sooting limit, (C/O),, in premixed ethylene/air
combustion is less than unity. For ethylene it occurs around (C/O), = 0.6.

We propose that soot inception in nonpremixed flames requires a region where C/O ratio,
temperature, and residence time are above certain critical values. Soot does not form at low
temperatures, with the threshold in nonpremixed flames ranging from about 1250-1650 K, a
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Seventh International Combustion Workshop, Cleveland, 2003.

NASA/CP—2003-212376/REV 1 49



temperature referred to here as the critical temperature for soot inception, 7. Soot inception also
can be suppressed when residence time is short (equivalently, when the strain rate in counterflow
flames is high). Soot induction times of 0.8-15 ms were reported by Tesner and Shurupov (1993)
for acetylene/nitrogen mixtures at 1473 K.

The above reasoning is employed in Fig. 1 to explain the role of local C/O ratio and
temperature, 7, in unstrained nonpremixed flames. This figure depicts two diffusion flames, both
with Z; = 0.226 (where Z; is the stoichiometric mixture fraction) and the same relationship
between C/O and Z but with dramatically different adiabatic flame temperatures, 7,4, owing to
different amounts of inert in the flames. For purposes of discussion, we assume here that 7, =
1250 K and (C/O), = 1. Consider first a flame of pure C;H4 and O, indicated by the dotted line.
As indicated by the horizontal bar, a broad region exists where both 7> 1250 K and C/O > 1;
this region is expected to form soot given sufficient residence time. Consider next the other
flame, shown in Fig. 1 by a dashed line, where both ethylene and oxygen have been diluted with
nitrogen such that Z, is unchanged but 7, has been reduced until a condition is reached where
C/O =1 at the location where the local temperature is 1250 K. The conditions of the second
flame characterize a flame at the sooting limit because the region where C/O ratio and
temperature are both above their critical values is infinitely thin.

Burner stabilized spherical microgravity flames are employed in this work for two main
reasons. First, this configuration offers unrestricted control over convection direction. Second, in
steady state these flames are strain-free and thus can yield intrinsic sooting limits in diffusion
flames, similar to the way past work in premixed flames has provided intrinsic values of C/O
ratio associated with soot inception limits.

RESULTS AND DISCUSSION

The present experiments were conducted in microgravity in the NASA Glenn 2.2-second
drop tower. The experimental apparatus is described in detail in Sunderland et al. (2003). As
before, the burner is a 6.4 mm diameter porous stainless-steel sphere. All tests were conducted in
quiescent ambient gas at 295 K and 0.98 bar (with an estimated uncertainty of +£0.005 bar), and
ignition was performed in microgravity.

Four representative flames at or near their sooting limits are shown in Fig. 2. Typical of the
flames in this study, these images reveal spherical symmetry except near the burner tube. These
flames represent both convection toward oxidizer (normal flames) and convection toward fuel
(inverse flames). The flames of Fig. 2b and 2d are considered here to be at the experimental
sooting limits since a small reduction in reactant concentration yields blue conditions. Note that
soot, when present, appears inside the flame sheet for normal flames and outside for inverse
flames.

Seventeen sooting limits have been identified. The sooting limits of are presented in Fig. 3 in
terms of reactant compositions. The present spherical flames allow a boundary to be identified
between conditions where soot cannot form in unstrained, long residence time flames —
permanently-blue flames — and conditions where soot can form given sufficient residence time.
This boundary is identified by the solid curve. The dashed curves are T,, isotherms, determined
with CEA. Within experimental uncertainties convection direction does not have an impact on
the sooting limits. Figure 3 also includes sooting limits measured in normal-gravity counterflow
C,H4 flames in three previous studies, namely Du and Axelbaum (1995), Lin and Faeth (1996),
and Hwang and Chung (2001).
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Further insight can be gained by plotting the present sooting limit data in terms of 7,4 versus
Zy. Recall that Fig. 1 used (C/O). and T, to identify where soot can and cannot form in
unstrained nonpremixed flames. In other words, if (C/O). occurs at the same location as 7, on the
fuel side, conditions suitable for soot formation are infinitely thin, indicating a sooting limit
given sufficient residence time. Employing the Burke-Schumann assumptions, Y¢, Yo and T are
linear in Z, as in Fig. 1. This behavior, coupled with the hypothesis that soot formation requires
temperature and C/O to be above fixed critical values, predicts a linear increase in 7,,; with Z, at
the sooting limit. Motivated by this analysis, the data in Fig. 3 are plotted in Fig. 4 in terms of Z,
versus 7,4, again defining a region of permanently-blue conditions. Figure 4 allows the data to be
correlated with a least-squares fit, yielding the fit shown. This correlation also is included as the
solid curve in Fig. 3, where the mapping from the axes of Fig. 4 to those of Fig. 3 was done
using CEA. The slope of the line fit in Fig. 4 reveals the large effect of Z; on sooting limits,
accounting for a range in 7,, at the sooting limits of 1815 to 2738 K. Figure 4 shows that
convection direction has no measurable effect on the sooting limits of the present flames. The
normal-gravity sooting limit flames in Fig. 3 also are included in Fig. 4.

Figure 4 indicates that the mechanism for attaining a sooting limit may be different at low
and high Z;,. The adiabatic flame temperature for the low Z, sooting-limit flame is nearly equal
to T,. Thus, when inert is added to the standard fuel/air flame (low Z) the sooting limit is
obtained largely because the temperature is so low that the kinetics of soot inception are too slow
to produce soot. On the other hand, when Z is high, C/O ratio is high deep into the fuel side of
the flame. This suggests the sooting limit is attained because there is sufficient oxygen on the
fuel side of the flame to favor oxidation of light hydrocarbons over formation of soot precursors.
C/O ratio is higher farther into the fuel-rich region but there the temperature is too low for soot
inception to occur.
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(a) 18% C,H, —» 27% O,

(b) 18% C,H, > 28% O,

(c) 0, 12% C,H, (d) 0, 13% C,H,

Fig. 2. Color images of representative flames
below the sooting limit (a and c) and at the
sooting limit (b and d) for convection toward
oxidizer (a and b) and convection toward fuel
(c and d). Images were taken just before drop
termination.
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INTRODUCTION

Almost seventy percent of fire related deaths are caused by the inhalation of toxins such as
CO and soot that are produced when fires become underventilated.(1) Although studies have
established the importance of CO formation during underventilated burning,(2) the formation
processes of CO (and soot) in underventilated fires are not well understood. The goal of the
COSMIC project is to study the formation processes of CO and soot in underventilated flames. A
potential way to study CO and soot production in underventilated flames is the use of inverse
diffusion flames (IDFs). An IDF forms between a central air jet and a surrounding fuel jet. IDFs
are related to underventilated flames because they may allow CO and soot to escape unoxidized.
Experiments and numerical simulations of laminar IDFs of CH4 and C,H,4 were conducted in 1-g
and p-g to study CO and soot formation. Laminar flames were studied because turbulent models
of underventilated fires are uncertain. Microgravity was used to alter CO and soot pathways. A
IDF literature survey, providing background and establishing motivation for this research, was
presented at the 5™ TWMC.(3) Experimental results from 1-g C,H, IDFs and comparisons with
simulations, demonstrating similarities between IDFs and underventilated fires, were presented
at the 6™ TWMC.(4) This paper will present experimental results from p-g and 1-g IDFs of CH,
and C,H4 as well as comparisons with simulations, further supporting the relation between IDFs
and underventilated flames.

EXPERIMENTAL AND COMPUTATIONAL METHODS

Microgravity was attained in the 2.2 Second Drop Tower at the NASA Glenn Research
Center. Normal gravity tests were conducted at UC Berkeley. Experiments were performed using
the COSMIC rig, a standard NASA drop-tower rig, on which the experimental apparatus was
mounted. Flames were stabilized on a burner with a 1 cm central tube surrounded by a concentric
annulus with an outer diameter of 3 cm. The burner was mounted inside a standard NASA 27
liter combustion chamber. A ni-chrome wire suspended above the burner was used to ignite the
IDF. Temperature measurements were made with a fine wire S-type thermocouple positioned 3.5
cm above the burner. A thin-film thermopile radiometer with a CaF, window was positioned
adjacent to the flame with its face parallel to the axis of symmetry in order to collect radiation
from flames up to 8 cm in height. A camera mounted outside the chamber window was used to
record images. Fuel and air were stored in 500 cc storage bottles. Gas flow rates were measured
by mass flow meters and controlled by fine metering valves. Solenoids valves were used to open
and close the fuel and air lines. A NASA Droppable Data Acquisition and Control System
(DDACS) was programmed to control the rig and store data. A NASA Power Distribution
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Module (PDM) distributed power to the DDACS, the camera, the igniter, pressure transducers,
the mass flow meters and the solenoid valves from two 24 volt NASA batteries.

For CH,4 the mass flow rate was 41.6 mg/s (10 cm/s average velocity) with an air mass flow
rate of 47.2 mg/s (50 cm/s), and for C,Hy4 the flow rate was 49.1 mg/s (7 cm/s) with an air mass
flow rate of 31.9 mg/s (35 cm/s). The air to fuel velocity ratio was constant, 5:1, for both flames.
The chamber was evacuated to 0.2 psia and filled with N, to 1 atm to prevent secondary flames
from forming between the fuel and any air in the chamber. For p-g tests, the igniter was triggered
at the beginning of the drop. For 1-g tests, the igniter was triggered manually. Thermocouple and
radiometer voltages were recorded during the test. After 2.1 seconds, the igniter was de-
energized and the fuel and air lines closed. A post-test sampling system was then used to analyze
the CO concentration of the combustion products and to collect soot samples on quartz filters.
The combustion products were passed through a pump, a quartz filter, a non-dispersive IR CO
analyzer, and back to the chamber in a closed loop until the CO concentration reached a steady
state. The soot mass from p-g tests was determined using a carbon burn-off technique. Filters
from 1-g tests were weighed before and after sampling to deduce the soot mass.

Calculations were carried out using direct numerical simulation of the time-dependent Navier
Stokes and conserved variable equations for an axisymmetric laminar flame.(5) The simulation
employs assumptions of low Mach number, infinite-rate chemical kinetics, unity Lewis number,
variable thermophysical properties, a semi-infinite surrounding fuel-stream, and negligible
radiation heat transfer. Dilute-condition particle tracking incorporating the effects of inertial,
thermophoretic, and gravitational forces is included to show basic IDF particle pathways and
time-temperature histories.(6) Particles were introduced at axial positions of 0 mm, 5 mm, 10
mm, 15 mm, and 20 mm above the burner, and at radial positions corresponding to a
characteristic soot formation temperature of 1250 K.(7)

RESULTS AND CONCLUSIONS
An examination of the images shown in Figs. 1 and 2 reveals that both flames were longer,
more rounded, and more luminous in p-g, and that the CH4 flame was longer than the C,H4

u: | \|'
@lg  ®lg  ©we  @lg  ®lg  (©ue
Fig. 1. CH4 IDF's (f/#8). Fig 2. C;H4 IDFs (f/#16)

flame for both 1-g and p-g. The CHy4 1-g flame is mostly blue and has a faint orange cap, while
the C,H4 1-g flame is covered by an orange annular region for most of its length. Both p-g
flames are covered by a luminous orange annular region. In addition, the 1-g flames flickered
(two states of flickering are shown in the figures), but the p-g did not. The temperature and
radiometer data, shown in Fig. 3 and Table 1, indicate that both flames reached steady state faster
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and radiated more in p-g. The 1-g flickering is also visible in the thermocouple signal shown in
Fig. 3

Table 1. Average measured and predicted data for CH4 and C;H4 1-g and p-g IDFs

Tm = measured temperature, 3.5 cm above flame, T, = predicted temperature, 3.5 cm above
flame, H,, = predicted flame height

Fuel | Gravity | Radiometer T T, H, [CO] [COJ/[CO;] | mgeet

\ K K cm ppm ug

CH4 I-g 0.96 + 0.02 1209£5 | 1699 | 2.1375 | 167£3 | 0.80+0.02 25

CH4 u-g 2.2+0.02 1223 £51 | 1734 | 2.2725 | 180+4 | 0.92+0.04 12

C,Hy l-g 0.77 £0.02 1072+ 8 | 1592 | 1.4625 | 261 +1 | 3.31+£0.05 33
C,Hy u-g 1.6 £ 0.04 1129 £24 | 1653 | 1.5075 | 262 +6 | 3.52+0.38 43
Post-test data are displayed
@ 25 0 o 25 .
Bs 01 = B3, T~ 0g in Table 1. Measured CO
3215 fr ro 5z 1518 concentrations of the post-test
! S 550 fu gases from both flames in 1-g

o o

o9E— - - s 90 and p-g were significant with

€ 1200 1 € 1200 - [COJ/[CO,] ratios on the order
py ° 1k el 19 of 1 for CHy and 3 for CyHa.
o0 5 & o0 The CO to CO, concentration

Uncorrected
Uncomected

00 03 05 08 10 13 15 1.8 20 00 03 05 08 10 13 15 18 20 ratlo Of lamlnar’ underventllated
Time () Time (5) normal flames was measured to
Fig. 3. Radiometer and thermocouple measurements be 1:2 in a previous study.(8)

Soot collected from both CHu
and C,H,4 p-g flames displayed a spike in the low-temperature phase of the carbon burn-off
analysis, qualitatively indicating that a fraction of the soot was made of volatile organics, similar
to the soot of underventilated flames. The analysis of the soot from the p-g C,H4 flame showed a
spike in the high-temperature phase, indicating that the soot was also partially carbonized,
whereas the u-g CH4 was flat in that region, indicating that it was mostly organic. The soot mass
collected from C,H4 flames was greater in p-g, but surprisingly the soot mass from CHy4 flames
was less in p-g, despite the larger CHy4 soot cap. However, different techniques were used to
deduce the soot mass, and the number of
data points was statistically insufficient for
conclusions to be made.

The simulation results shown in Fig. 4
and Table 1 agree well with the
experimental  observations, predicting
similar trends in flame height, shape, and
temperature. The predicted particle
pathways obtained from the simulations
demonstrate that the particles move away %00 05 10 15 00 05 10 15 00 05 10 15 00 05 10
from the flame for both flames in p-g. The Foaws(em) - Fadislemy - Radusemy R (e
time-temperature histories shown in Fig. 5 Fig. 4. Photo and calculated temperature
demonstrate that the particles for both  Profiles for 1-g C;Hy flame.
flames are accelerated by buoyancy in 1-g,

5 5

w

Axial Distance { cm )
(%)

1

NASA/CP—2003-212376/REV 1 55




that the C,Hy particles experience reheating due to buoyancy-induced flickering, and that the

temperatures of particles in both p-g flames decrease monotonically with time.
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Fig. 5. Time/temperature history of particles in 0-g and 1-g CH4 and C,H4 IDFs.

SUMMARY AND FUTURE PLANS

Experiments and simulations of 1-g and p-g CH4 and C,Hs IDFs have been conducted.
Predicted flame heights, temperatures and shapes of IDFs correlate well with experiments. IDFs
produce significant concentrations of CO, and the soot from IDFs is partially organic, which
support the hypothesis that IDFs are similar to underventilated flames. Microgravity was used to
alter the way IDFs behave. More drop tower experiments are planned to study soot structure and
chemical composition. The results should provide insight into the formation mechanisms of
undesirable CO and soot during underventilated combustion.
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Introduction

The size of the agglomerates produced in the in the upper portion of a flame is important
for a variety of applications. Soot particle size and density effect the amount of radiative heat
transfer from a fire to its surroundings. Particle size determines the lifetime of smoke in a
building or in the atmosphere, and exposure hazard for smoke inhaled and deposited in the lungs.
The visibility through a smoke layer and dectectability of the smoke are also greatly affected by
agglomerate size. Currently there is limited understanding of soot growth with an overall
dimension of 10 um and larger. In the case of polystyrene, smoke agglomerates in excess of 1
mm have been observed “raining” out from large fires.

Unlike hydrocarbon fuels, silane has the advantage that silica particles are the major
combustion product resulting in a particle volume fraction a factor of ten greater than that for a
carbonaceous smoke. There are two very desirable properties of silica aero-gels that are
important for both space and earth based applications. The first important property is its
inertness to most oxidizing and reducing atmospheres. Therefore, silica aero-gels make
excellent fire ablatives and can be used in very demanding applications. The second important
property is that silica aero-gels are expected to have very high porosity (greater than 0.999),
making them lightweight and ideal for aerospace applications. The added benefit of the high
porosity is that they can be used as extremely efficient filters for many earth based applications
as well.

Evidence of the formation of superagglomerates in a laminar acetylene/air diffusion
flame was found by Sorensen et al. [1]. An interconnecting web of super-agglomerates was
observed to span the width of the soot plume in the region just above the flame tip and described
as a gel state. It was observed that this gel state immediately breaks up into agglomerates as
larges as 100 um due to buoyancy induced turbulence. Large soot agglomerates were observed
in microgravity butane jet diffusion flames by Ito et al.[2]. Several other works to date have
studied the effect of flame structure on soot volume fraction and agglomeration size in a
microgravity environment.[3-4]. In microgravity the absence of buoyant convective flows
increases the residence time in the flame and causes a broadening of the high temperature region
in the flame. Both of these factors play a significant role in gas phase radiation and soot
formation

Experimental Hardware

Experiments were performed using a combustion “drop rig” that was designed for use at
NASA Glenn’s 2.2 second drop tower facility. The hardware consisted of a 25 L combustion
chamber, an open tube burner, a gas flow control system, an electrical system and an imaging

NASA/CP—2003-212376/REV 1 57



system. The burner consisted of a 4.52 mm diameter stainless steel tube positioned along the
centerline 15 cm above the base of the chamber. Two CCD video cameras were used to image
the flame and soot plume. Illumination for imaging the agglomerates was provided using a
microsecond Xenon flashlamp. A 0.25 mm diameter Kanthol hot-wire was used to ignite the
flame. Pressure transducers were used to monitor the fuel bottle and combustion chamber
pressure. Rotary solenoids were used to position the ignition wire and TEM sampling grid.

Normal Gravity Experiments

Acetylene and silane was burned in the standard NASA cylindrical combustion chamber.
A digital camera with backlighting through a diffuser was used to photograph both the flame and
smoke plume as illustrated in the lower portions of the Figure 1. The photographs show the

Fomlm

—— ——

[=¥
o
iy

a b c

Figure 1. Photograph of acetylene and silane flames in normal gravity.

flame and plume for an acetylene fuel flow rate of 0.66 cm’/s, 2.10 cm’/s, and for a silane flow
rate of 2.1 cm’/s (a, b and ¢ respectively). The series of photographs (d, e, and f) in Fig. 2 were
taken at a location about 9 cm from the burner exit with the digital camera and a Xenon flash
lamp with a pulse duration of 1.3 ps and a pulse energy of 0.35 J to “freeze” the motion of the
soot agglomerates. At the lower flow rate the soot appears as a relatively gray background while
at the larger flow, individual 50 pm to 100 pm particles appear to be connected across much of
the plume. Other noteworthy features are the increasing plume width with increasing fuel flow
rate and the sharpness of the smoke boundary. For the silane flames, filaments were observed
leaving the flame zone rather than superagglomerates such as for acetylene. A ps flash
photograph of a filament 9 cm above the flame is shown in Fig. 1c.

Fibrous particles were examined with a stereomicroscope (Fig 2a) and a field emission
scanning electron microscope (Fig. 2b). The SEM micrograph shows evidence of partially fused
spherule structures with diameters as small as 150 nm. We expected that the much larger
particulate volume fraction for the silane flame would lead to a totally interconnected gel-like
structure and were surprised to observe a fibrous material. It is likely that the combination of the
higher flame temperature for silane combustion together with the lower melting point of SiO,
particulate has resulted in the formation of the partially fused filaments. An interesting hollow
cage-like structure, shown in Fig. 2c was produced when the fuel line was purged with a pulse of
nitrogen at the end of the experiment. This suggests that varying the flame temperature by
diluting the silane will likely be important in controlling the morphology of the silane particles.
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Figure. 2. Optical micrograph of silica fiber.

Microgravity Acetylene Experiments

Microgravity experiments were performed in a 2.2 second drop tower using acetylene at
flow rates of 0.6 cc/s, 1.0 cc/s and 2.0 cc/s. Fig. 3 (a and b) shows images of the acetylene
flames and soot plumes recorded during the microgravity experiments. The microgravity flame
was three times as wide as the normal gravity flame.

a b C

Figure 3. Images of acetylene flame and the soot plume and a TEM photo.

Although detailed measurements of the agglomerate size were not possible due to the low
image resolution, approximate particle sizes were attained in the post flame region between 2.5
cm and 5.5 cm above the burner. Microgravity superagglomerates as large as (1.2 = 200) mm
were observed in these experiments. Another noteworthy observation is apparent from
inspection of the flame video in slow motion. It appears that superagglomerates can be seen
escaping from the open flame tip annulus in the uG flames at acetylene flow rates of 0.6 cc/s and
1.0 cc/s. This suggests that the large soot agglomerates are formed in the high temperature
region of the flame. Detailed measurement of the primary particle size distribution was
performed for soot sampled at three flame conditions at a location of 25 mm above the burner
duct. At least 100 primary spheres were analyzed for each condition. The diameter of the
primary particles for the 2.0 cc/s flame was measured to be (45.4 = 10.2) nm in p-g and (40.0 £
11.4) nm in 1-g. A digitized TEM micrographs for soot particles sampled above the 1.0 cc/s
acetylene flame in microgravity is shown in Fig. 9. Inspection of this image clearly shows
clusters formed from 2 different primary particle sizes measured to have diameters of (16.3 + 5)
nm and (43.0 £ 9) nm. This feature was found throughout the entire TEM grid with a slightly
higher number of small particle clusters, however since only a single TEM grid was collected for
this condition the nature and generality of this bimodal feature is uncertain.
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Numerical Simulations

Temperature and soot volume fraction contours for normal gravity and microgravity
acetylene flames were calculated [8,9]. These results were consistent with the qualitative
observations from the uG experiments. The calculations of the soot volume fraction and
temperature field in the flame zone/plume together with the calculation of the particle position
versus time provides the necessary input to estimate the agglomerate growth for the case of a 1
cm’/s acetylene flow rate [10]. Our agglomeration simulations suggest than free molecular
coagulation together with gelation are too slow to produce superagglomerates of size greater
than 100 um for 1-g experiments. The simulations predict a relatively modest enhancement in
the agglomeration as the gel point is approached for the free molecular limit. For p-g conditions,
our simulation results predict a maximum agglomerate length of 35 um based on fy=6.0x10"°
and a length of 680 pm for f,=6.0x10™. For the higher density it is seen that the agglomeration
model predicts that agglomerates approaching the critical gel size would form in a flame at p-g
conditions.

Conclusions

1. For the first time in p-g the emission of soot super-agglomerates from the luminous flame
was visually demonstrated by simultaneously imaging the flame and soot plume.

2. The burning of silane at 1-g results in novel structures including fibers and cage-like
structures depending on the time/temperature history for the particles in the flame.

3. The flame calculations show an increased residence time in p-g which helps explain
enhanced agglomerate growth.

4. A soot agglomerate model based on Brownian motion can not account for the

superagglomerates observed in acetylene flames at 1-g.
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ABSTRACT

Novel processing techniques, such as self-propagating high temperature synthesis (SHS),
have the capability to rapidly produce advanced porous materials that are difficult to fabricate by
other methods. This processing technique is also capable of near net shape synthesis, while
variable gravity allows the manipulation of the structure and composition of the material. The
creation of porous tricalcium phosphate (TCP) is advantageous in the biomaterials field, since it
is both a biocompatible material and an osteoconductive material. Porous tricalcium phosphate
produced via SHS is an excellent candidate for bone scaffold material in the bone regeneration
process. The porosity allows for great vascularization and ingrowth of tissue. Titanium Carbide
is a nonstoichiometric biocompatible material that can be incorporated into a TiC-Ti composite
system using combustion synthesis. The TiC-Ti composite exhibits a wide range of mechanical
and chemical properties. Both of these material systems (TCP and TiC-Ti) can be used to
advantage in designing novel bone replacement materials. Gravity plays an important role in
both the pore structure and the chemical uniformity of these composite systems and offers
considerable potential in advanced bone engineering.

INTRODUCTION

New and novel bone replacement materials are currently being investigated at the Colorado
School of Mines through the process of self-propagating high temperature synthesis (SHS). SHS
with its rapid kinetics allows the production of near net-shaped samples. This process is highly
exothermic and can allow for difficult intermetallic and porous materials to easily be
manufactured. The processing parameters include green density, gasifying agents, reaction
stoichiometry, and gravity. Green density is the initial density of the reactants and allows for
control over the final apparent porosity. Gasifying agents also allow for the generation of
additional pores. Gasifying agents are selected so that they evolve and do not contaminate the
sample or change the desired final stoichiometry of the products. Reaction stoichiometry
controls the combustion temperature and the final composition of the sample. Furthermore, the
final composition can be graded from the reaction stoichiometry. Gravity plays a role in the
morphology of the pores and final graded structure. SHS performed in microgravity will affect
samples that are sensitive to cooling rates. The samples manufactured in microgravity
experience heat loss only through radiation since convection is lost. The addition of gravity will
affect samples that have a liquid-solid reaction through gravity-driven fluid flow (in terrestrial
conditions). All SHS processing parameters focus on the control of porosity and composition,
which are critical when designing a biomaterial.

The current state of the art bone implants are in dire need of improved design and
functionality. Current implants lack mechanical properties that match the properties of bone.

NASA/CP—2003-212376/REV 1 61



The production of porous implants will lead to a more graded implant in-vivo that will be
engineered to grade the mechanical properties of the bone with those of the implant and thereby
reduce the occurrence of stress shielding. Peters et al. have recently discussed the possibility of
combining materials and properties to make functionally graded materials in order to improve
implant material [1].

In those cases in which it may not be necessary to match the mechanical properties of the
bone, a porous resorbable material can be used as the alternative. Porous resorbable materials
provide a scaffold onto which the bone can remodel and resorb. An optimum level of porosity
allows for easy vascularization and infiltration of tissue into the pores. Although this latter
resorbable scaffold may lack the necessary mechanical properties required of an implant, this
problem can be overcome with external devices that maintain the integrity of the injured area
during the bone remodeling process.

EXPERIMENTAL PROCEDURE

SHS is conducted by mixing the reactants in the desired reaction stoichiometry for 8 hours to
ensure thorough mixing. Prior to mixing, temperature-enthalpy calculations are performed to
determine the adiabatic temperature for the reaction [2]. The adiabatic temperature is the
maximum achievable theoretical temperature generated in the SHS reaction with no heat loss
from the system. The TCP system requires that all processing be performed in an inert
atmosphere (i.e. glovebox). TCP is created by mixing and reacting calcium oxide (CaO) and
phosphorus pentoxide (P,0Os), - a highly hygroscopic material. The mixtures are either pressed to
a desired relative green density or poured into a paper mold as a loose powder mixture,
depending on the desired green density. Each sample is reacted in an inert atmosphere and the
reaction is initiated via a tungsten resistance coil at the bottom of the sample, with the
propagation wave traveling upwards. Samples are made into cylinders that have a height of 2.54
cm and a diameter of 1.27 cm (2:1 aspect ratio). Physical data for the reactant powders are listed
in Table 1:

Table 1. Physical data for the reactant powders.

CaO P,0s Ti C
Particule Size (um) <45 <94 <45 <45
Purity (%) 99.99 99.9 99.998 99.5
Melting Point (°C) 2888 1660
Sublimation Point (°C) 631 3652 - 3697
Molecular Mass (g/mol) 56.07 141.92 47.87 12.01

All microgravity experiments were conducted aboard the NASA KC-135 low-G flight
research aircraft in parabolic flight patterns that typically achieve ~15-20 seconds of low gravity
and ~20 seconds of high (2G) gravity. A special flight rack (COSYM) was used to conduct the
experiments and to obtain the experimental data (i.e. video, temperature, pressure). The reacted
products were characterized using a Philips Quanta 600 environmental SEM. Apparent porosity
measurements were conducted according to ASTM Designation C20-92.
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RESULTS AND DISCUSSION

XRD analysis confirmed that the alpha phase of tricalcium phosphate had been produced via
SHS. Shown below in Figure 1 (A), the scanning electron microscope (SEM) photomicrograph
exhibits the highly porous morphology of the SHS-produced TCP. Typical bone exhibits a
bimodal distribution of pores in which the finer pores range from 100-300 microns and the larger
ones are on the order of millimeters. The SHS produced TCP exhibits both ranges of pores.
Figure 1 (B) shows TCP produced aboard the NASA KC-135 (low-G flight) while the Figure 1
(C) shows TCP produced under terrestrial conditions (1G). SHS of TCP in microgravity displays
typical hexagonal type grain growth and the lack of gravity allows nuclei to be unrestrained.
TCP produced in terrestrial conditions exhibits lamellar type growth, where gravity dictates the
pattern or direction of lamellar grains. The characteristic spots shown in Figure 1 (C) were
determined by Valdés et al. to be calcium pyrophosphate (Ca,P,07) quenched at the surface [3].

’

Figure 1. SEM p:hd‘t(‘)migcrograp of SHS prouc TP. A and C are manufactured in terrestrial
conditions and B is produced aboard the NASA KC-135 (low-G plane).

SHS was conducted on TiC type materials under terrestrial conditions at the Colorado School
of Mines. The SHS reactant system studied is (1+x)Ti + C, where x = 0, 0.5 , 1.0, and 1.5.
Reactions that are able to propagate are shown below in the Table 2. Due to the high thermal
conductivity of the reactants, this system is able to react in relatively loose powder conditions
that generates a 30% relative green density. Higher relative green densities would not sustain the
SHS reaction in propagating mode due to heat being dissipated too rapidly from the combustion
front.

Table 2. Successful SHS reactant combinations for the TiCy system.
Relative Green Density

X 30% 40% 45% 50%
0.0 X X X X
0.5 X X X
1.0 X X
1.5 X

It has been shown from previous research that these reactant combinations have the potential
to produce nonstoichiometric TiCy [2]. The phase diagram for TiC shows a homogeneous region
where TiCy can be produced in the range of 0.47 < x < 1.0 [3]. The composition of the SHS-
produced TiC is currently under investigation to produce evidence of nonstoichiometric titanium

NASA/CP—2003-212376/REV 1 63



carbide and the possibility of a gravity-driven, functionally graded material (FGM). There is a
significant amount of liquid Ti formed during the reaction and it may be expected to see a
gradient of Ti that would settle towards the bottom of the sample due to gravity.

100

80

60 | 15Ti+C

40

Apparent Porosity (%)

20

25 3I0 3i5 4I0 4I5 5I0 55

Relative Green Density (%)
Figure 2. Relative green density vs. apparent porosity Figure 3. SEM photomicrograph of
for the TiC reactions. the reaction 2.5Ti + C

Figure 2 shows how relative green density can affect the apparent porosity of the final
sample. When designing an implant, careful considerations involving porosity and distribution
of pores are critical. This analysis provides a means of designing a porous FGM implant in
which the porosity gradient can be tailored to meet both mechanical property and bone growth
requirements.

The SEM photomicrograph shown in Figure 3 exhibits the porous microstructure of these
materials. This photomicrograph is for the 2.5Ti + C reaction (30% relative green density) and
has a porosity that fits into the range of that in natural bone. There are very fine micro and nano
size pores that are not visible in the photomicrograph. A detailed analysis of the composition of
the material may result in surface compositions that are conducive to osseointegration with the
implant material.
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INTRODUCTION. Among all implant materials, Co-Cr-Mo alloys demonstrate perhaps the most
useful balance of resistance to corrosion, fatigue and wear, along with strength and
biocompatibility [1]. Currently, these widely used alloys are produced by conventional furnace
technology. Owing to high melting points of the main alloy elements (e.g. T (Co) ~1768 K),
high-temperature furnaces and long process times (several hours) are required. Therefore,
attempts to develop more efficient and flexible methods for production of such alloys with
superior properties are of great interest.

The synthesis of materials using combustion phenomena is an advanced approach in
powder metallurgy [2]. The process is characterized by unique conditions involving extremely
fast heating rates (up to 10° K/s), high temperatures (up to 3500 K), and short reaction times (on
the order of seconds). As a result, combustion synthesis (CS) offers several attractive advantages
over conventional metallurgical processing and alloy development technologies. The foremost is
that solely the heat of chemical reaction (instead of an external source) supplies the energy for
the synthesis. Also, simple equipment, rather than energy-intensive high-temperature furnaces, is
sufficient.

This work was devoted to experiments on CS of Co-based alloys by utilizing thermite
(metal oxide-reducing metal) reactions, where phase separation subsequently produces materials
with tailored compositions and properties. Owing to high reaction exothermicity, the CS process
results in a significant increase of temperature (up to 3000 °C), which is higher than melting
points of all products. Since the products differ in density, phase separation may be a gravity-
driven process: the heavy (metallic phase) settles while the light (slag) phase floats. The goal
was to determine if buoyancy is indeed the major mechanism that controls phase segregation.

RESULTS AND DISCUSSION. Fundamental studies of phase separation during CS of Co-based
alloys were carried out in both terrestrial and microgravity conditions. The details of the
experimental set-up, as well as used procedure, are described elsewhere [cf. 3,4]. Briefly, the
samples were placed in the reaction chamber, which was evacuated (approximately 10° Pa) and
then filled with high-purity argon to 10° Pa. An electrically heated tungsten coil was used to
initiate the combustion reaction, typically from top of the sample. The combustion front
propagation was recorded through a quartz window by using a video camera. The velocity of
wave propagation was determined by statistical analysis of the obtained video images (30
frames/s). The temperature-time history of the process was measured by thermocouples (Type C,
diameter 0.508 mm, Omega Eng.). Finally, quenching, which involves rapid cooling of the
combustion front in massive copper cone-shaped block, was utilized to investigate the
mechanisms of microstructural transformation taking place during CS.
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While the Co-based alloy used in orthopaedic implants contains other metals such as Cr
and Mo [1], for a fundamental study of phase separation, the simpler Co;04-Al system was used
in the present work. The following overall reaction occurs in the combustion wave front:

3C0304 + 8Al + xCo + yALLO; = (4+y)ALOs + (9+x)Co (1)
where x and y are coefficients that can be varied to obtain the desired product composition and
combustion temperature. Since the metal fraction in melt may be a controlling factor of phase
separation process, systems with different ratio of metal and slag were investigated (Table I).

Table I. Characteristics of reaction compositions investigated.
Tad Tm.p., K Tm.p., Tmpa Tmpa Metal
Composition K AL Os K K K  vol. %
MeO Me Al
3C0;04 + 12Co + 8Al = 21Co + 4A1,04 2690 2327 2123 1768 933 49
3C0;04 + 8.5Co + 8Al = 17.5Co + 4A1,0; 2966 2327 2123 1768 933 44
3C0504 + 3.2AL05 + 8Al = 9Co + 7.2A1,0; 2677 2327 2123 1768 933 19

Phase Separation. It was shown that the yield, y (defined as ratio of the metal product mass to
the theoretical metal mass formed from reaction), reaches high values under pug conditions and
increases only slightly with gravity (see Table II and also ref. 3). These results suggest that some
non-gravity driven phase separation mechanism plays an important role in the CS process of Co-
based alloy.

Table II. Average yield (%) of the alloy in different experimental conditions.

Normal Gravity, 1 g Microgravity, 10” g
Systems Propagation Direction Propagation Direction
Downward Upward Downward Upward
Co (8.5) 83 96 73 86
Co (12) 90 98 73 88

It was also observed that under both gravity and microgravity conditions, after reaction
and separation, thin alumina tube formed on the container wall (see Fig.1 for schematic
representation). It was also seen that the height of this tube decreases with increase of gravity
condition. In fact, under overload conditions (1.7 g), instead of tube an alumina cap forms on
top of metal ingot. By making experiments using different container materials, it was shown that
alumina tube formed in all cases and that the container material, did not influence the phase
separation process (i.e. yield). The following picture of phase separation in the system was thus
suggested. The reaction starts at about melting point of Al (T, ,. = 933 K), which coats solid
metal oxide (Co30y4) particles, leading to their dissolution (see next section for details). Further,
after reaction when temperature is above melting point of all products, two immiscible liquid
phases (Co and Al,O3) form (Fig. 2b). In cooling stage, when temperature decreases, Al,O3 (T,
p.= 2327 K) crystallizes first, while Co (Ty. p. = 1768 K) remains in liquid form (Fig. 2¢). Since
at this point, the only solid phase for Al,Os3to wet is the container it spreads along its wall (Fig.
2d). From these considerations, it can be concluded that the formation of oxide tube is primarily
a characteristic of the system and does not depend strongly on wettability of the container.
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Fig. 1 Schematic representation of structural transformations during combustion in Co-based system.

Mechanism of Reaction and Phase Separation. Investigations of quenched samples reveal that
in general, one can identify three characteristic zones: (i) the most dynamic zone of initial
products formation; (ii) post-reaction zone of cobalt coalescence; (iii) final product zone. The
details of structural transformations in zone (i) are shown in Fig. 2.

Fig.2 Back-scattered electron images of microstructural transformations in the initial product formation
zone: (a) Precursor reactants; (b) Complex oxides and intermetallic compounds; (c) First stage of phase
separation. The numbers refer to phases identified in Table III.

It can be seen (Fig. 2a) that initial medium remaining in the cone tip consists of relatively
large (~ 20 um) Al (phase 1) and Co (phase 2) particles, and finer (~ 5 um) Co304 (phase 3)
powder. This is followed by a relatively thin (~ 300 um) reaction region, where complex oxides
(4, 5) and intermetallic compounds (6, 7) are observed (Fig. 2b). At the end of this region, Co-
rich (8) areas surrounded by alumina-rich phases (9) formed rapidly. These observations suggest
that reduction of cobalt oxide, as well as metal-metal reactions in the system, occur in this stage
due to dissolution of solid Co304 and Co in liquid aluminum, with formation of various complex

phases.
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More difficult to understand is the rapid formation of relatively large (~ 100 wm) Co-rich
areas (8 in Fig. 2c) surrounded by Al,O; layers (9 in Fig. 2c¢) at the end of this zone. The above
results, along with effective phase separation in microgravity, suggest that the following non-

Table II1. Relative intensity of elemental components in combustion zone.

Relative Intensity (%)

Location Al Co 0 Comment
1 Balance Trace Trace Al
2 Trace Balance Trace Co
3 7.5 72.9 19.6 Co0304
4 235 62.1 14.4 Co,AlO,
5 14.2 73.7 12.1 Co,AlO,
6 44.0 51.2 4.8 CoAl,
7 51.5 46.4 2.1 CoAl,
8 Trace Balance Trace Co
9 76.6 9.6 13.8 Al,O3

gravity driven mechanism may be responsible for the observed features. While complex oxides
form due to dissolution of Co3;04 in liquid aluminum, the process accelerates dramatically at
melting point of Co304 (Tm. p. ~ 2100 K), and at some point concentration of Co in the melt
reaches a critical value above which only two immiscible liquids (Co and Al,O3) may exist. The
latter leads to rapid formation of these liquid phases simultaneously with their separation at the
microscopic level. Further segregation of immiscible liquid phases and coalescence of Co
agglomerates occurs along an extended (~ 2 cm) post-reaction zone (ii) before reaching the final
products region (ii1), which involves large areas (~ 5 mm) of Co surrounded by layers of Al,Os.

SUMMARY. The obtained results lead to the following general conclusions: (i) non-gravity
driven mechanisms play an important role in the phase separation process in such systems [see
also 3]. Analysis of microstructural transformations in the quenched samples reveals the true
reaction and phase separation mechanisms taking place in the combustion wave. The results
show that the segregation process involves two stages: (1) separation of immiscible liquids in the
reaction front, and (2) capillary coalescence of liquid metal droplets in solid oxide matrix in the
post-reaction zone. These non-gravity driven processes explain the essentially complete phase
separation achieved even in microgravity conditions [see also 4]. Based on the general
understanding of phase separation mechanism in the investigated CS-systems, a novel
technology for synthesis of Co-Mo-Cr bio-alloy has been developed [5].
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ABSTRACT

Although many methods are available for production of single-walled carbon nanotubes
(SWNTs), the conventional carbon arc process remains the most popular due to its simplicity and
large production rate. However, high temperatures inside the carbon arc generate strong
buoyancy driven convection, and it is hypothesized that the non-uniform environment created by
this flow will have large effects on the growth and morphology of SWNTSs produced by the arc
process. Indeed, using normal gravity experiments, Marin et al.* have demonstrated that changes
in the buoyant convection plume produced by altering the arc electrode orientation can be used to
change the diameter distribution of the SWNTSs produced; an effect they attribute to changes in
the temperature of the local nanotube growth environment. While these experiments present
convincing evidence that buoyant convection has a strong effect on nanotube growth, normal
gravity experiments are severely limited in scope. The ideal way to study the effect of buoyancy
on SWNT production is to remove it completely. Toward this goal, a microgravity carbon arc
reactor has been designed for use in the NASA Glenn 2.2 and 5 second drop towers. Although
simple in principle, conventional carbon arc machines, which generally employ large reaction
chambers and require heavy duty welding power supplies capable of supplying kilowatts of
power, are not suitable for microgravity experiments. Here we describe a miniature carbon arc
machine for SWNT production that fits into a conventional drop rig for use on the NASA Glenn
2.2 and 5 second drop towers, but that has a performance (production rate) that is better than
most large ground-based machines.

INTRODUCTION

There is currently a large interest in the synthesis and characterization of carbon nanotubes
for many useful applications. Carbon nanotubes were first discovered in 1991 by lijima® who
observed the presence of nanometer sized multi-walled carbon nanotubes (MWNTS) on the
graphite electrodes used for fullerene production. Addition of a transition metal catalyst was
subsequently shown to produce singlewalled nanotubes® (SWNTs) such as the Cg Sized
nanotube illustrated in Figure 1. Unlike conventional carbon fibers, the SWNT structure is
atomicaly perfect, thus producing defect free fibers that have many unique electronic and
physical properties’. For example, with a predicted Young's modulus of ~1 Tera-Pascal, SWNTs
represent the strongest known type of carbon fiber and form the ideal basis for new composite
materials. Calculations show that a carbon nanotube-based cable could have one hundred times
the strength of steel while having just one-sixth of the weight. Carbon fiber composites made
from nanotubes would save significant weight in spacecraft and aircraft structures. In addition to
their mechanical properties, nanotubes also have interesting electronic properties, which are
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Figure 1. Comparison of Cg fullerene and its single-walled nanotube anal ogue.

dependent upon the tubes morphology. Some tubes have conducting electronic structures and
can be envisioned as molecular “quantum” wires, while others are semiconducting and can be
used to fabricate the world’'s smallest “single molecule” transistors. Other promising uses for
SWNTs include tips for atomic force microscopy (AFM) and possibly hydrogen storage.

There are currently severa methods for the production of single-walled carbon nanotubes,
including: the carbon arc®, laser vaporization of graphite®, chemical vapor decomposition’
(CVD), high-pressure disproportionation of CO®, and flame synthesis’. All rely on catalytic
growth of the nanotube from either carbon or hydrocarbon vapor in the presence Co/Ni or other
transition metal catalysts. As vaporized carbon (or hydrocarbon) and metal catalyst atoms cool,
they condense into small nanometer sized clusters that continually collide and grow. When the
metal carbide clusters produced from the transition metal catalyst become super-saturated with
carbon, the carbon re-crystallizes as nanotubes. The metal particle remains on the head of the
growing nanotube and channels the remaining carbon it encounters into it. Studies performed on
the vapor plume produced during laser ablation of graphite suggest that nanotube growth can
continue as long as the catalyst particle remains saturated with carbon and the temperature
remains high enough for carbon to efficiently diffuse through the particle'®. The formation of a
nanotube is undoubtedly a strong function of the time/temperature/concentration history of the
growing tube and its precursors, and buoyancy produces an uncontrolled environment that makes
estimation and optimization of these critical factors difficult. Microgravity conditions provide a
much more controlled environment for measurement, modeling, and optimization of these
parameters.

EXPERIMENTAL

The carbon arc method was selected as the basis of our microgravity apparatus because it is
simple and provides for a fairly large nanotube production rate. However, severa challenges
were presented in moving the carbon arc from the production lab to the drop tower. The typical
carbon arc apparatus® ™ employs large 6-12 mm diameter carbon electrodes and consumes
multiple kilowatts of power that is supplied continuously from a large welding power supply.
The metal catalyst required to produce SWNTs is introduced by drilling holes in the large
electrodes and packing them with metal powder. During operation, the arc gap (which
determines the current) is usually adjusted manually while observing the arc through a view port.
Substantial innovation was required to adapt this configuration to a drop tower rig while
maintaining a useful production rate equivalent to or higher than the ground-based machines.

A schematic of the miniature arc apparatus we developed is shown in Figure 2. The carbon
electrodes were downsized to 5 mm and new liquid impregnation method was developed to dope
the entire rod with Ni/Y metal catalyst. The arc gap is now continuously adjusted with a spring-
loaded electrode. Power for the arc is supplied by a small battery pack that supplies 64 volts and
currents in excess of 300 amps. Before producing nanotubes, the reaction chamber is purged of
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Figure 2. Miniature microgravity carbon arc reactor (chamber dimensions ~20 cm diameter).

air by use of a vacuum. The chamber is then filled with Argon at 600 Torr. The arc vaporizes
~500 mg of carbon during each 2.2 second run, and the resulting SWNTSs agglomerate into web
like fibers that are easily observed and collected for analysis.

To characterize the performance of the miniature arc, measurements were made of the key
electrical parameters such as the arc voltage and current, which determines the carbon
vaporization rate and temperature around the arc. Measurements of the voltage and current as
well as the instantaneous power and energy deposition for a normal gravity 2-second run are
shown on Figure 3. With an arc current of over 300 amps and power of 10kW, this small
machine easily outperforms most larger ground based reactors. In addition, as shown by the
power and energy curves, the battery pack provides avery stable power source for the duration of
the arc, an important factor for providing a uniform nanotube growth environment. When
combined with microgravity in the drop tower, this apparatus should provide an idea
environment for studying the formation and growth of carbon nanotubes.

Summary

Although nanotube science has become one of the worlds most rapidly advancing areas of
research, very little is known about the processes involved in nanotube synthesis. To study the
formation of carbon nanotubes in an environment unhindered by the buoyancy induced flows
generated by the high temperatures necessary to vaporize carbon and grow nanotubes, we have
designed a miniature carbon arc apparatus that can produce carbon nanotubes under microgravity
conditions. Testsin the 2.2 second and 5.18 second drop towers are planned in 2003. We believe
that microgravity processing will allow us to better understand the nanotube formation process
and eventually allow us to grow nanotubes that are superior to ground-based production.
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Introduction

Carbon nanotubes are widely sought for a variety of applications including gas storage,
intercalation media, catalyst support and composite reinforcing material [1]. Each of these
applications will require large scale quantities of CNTs. A second consideration is that some of
these applications may require redispersal of the collected CNTs and attachment to a support
structure. If the CNTs could be synthesized directly upon the support to be used in the end
application, a tremendous savings in post-synthesis processing could be realized. Therein we have
pursued both aerosol and supported catalyst synthesis of CNTs. Given space limitations, only the
aerosol portion of the work is outlined here though results from both thrusts will be presented
during the talk.

Aerosol methods of SWNT, MWNT or nanofiber synthesis hold promise of large-scale
production to supply the tonnage quantities these applications will require. Aerosol methods may
potentially permit control of the catalyst particle size, offer continuous processing, provide highest
product purity and most importantly, are scaleable. Only via economy of scale will the cost of
CNTs be sufficient to realize the large-scale structural and power applications on both earth and in
space.

Present aerosol methods for SWNT synthesis include laser ablation of composite metal-
graphite targets or thermal decomposition/pyrolysis of a sublimed or vaporized organometallic [2].
Both approaches, conducted within a high temperature furnace, have produced single-walled
nanotubes (SWNTs). The former method requires sophisticated hardware and is inherently
limited by the energy deposition that can be realized using pulsed laser light. The latter method,
using expensive organometallics is difficult to control for SWNT synthesis given a range of gas-
particle mixing conditions along variable temperature gradients; multi-walled nanotubes
(MWNTs) are a far more likely end products. Both approaches require large energy expenditures
and produce CNTs at prohibitive costs, around $500 per gram. Moreover these approaches do not
possess demonstrated scalability.

In contrast to these approaches, flame synthesis can be a very energy efficient, low-cost
process [3]; a portion of the fuel serves as the heating source while the remainder serves as
reactant. Moreover, flame systems are geometrically versatile as illustrated by innumerable boiler
and furnace designs. Addressing scalability, flame systems are commercially used for producing
megatonnage quantities of carbon black [4]. Although it presents a complex chemically reacting
flow, a flame also offers many variables for control, e.g. temperature, chemical environment and
residence times [5]. Despite these advantages, there are challenges to scaling flame synthesis as
well.

A 1g environment imposes a severe limitation on the timescale available for observing the
catalyzed reaction. Buoyancy induced convection limits the entire time period for catalyst particle
formation, CNT inception and growth to roughly 100 ms [6]. Therein the synthesis results may
reflect kinetic constraints rather than fundamental reactivity differences based on thermodynamics.
To achieve flow stability, a chimney or other flow guide is necessary in 1g. This imposes flow
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restrictions, accentuates temperature gradients and generally restricts access to the reacting flow.
With associated temperature gradients, non-laminar flow, nonuniform temperature and chemical
species fields, basic knowledge of CNT inception periods, growth rates and deactivation processes
remain unresolved.

Therein fundamental measurements are needed, unencumbered by buoyancy imposed
limitations with uniform and well controlled environments of temperature, species concentrations
and identities. With such foundational knowledge, practical large scale synthesis can be
approached from a rational design perspective and not by Edisonian methods. With this ultimate
goal, the objectives of the project of flame synthesis of carbon nanotubes were as follows:

1. To demonstrate flame synthesis of SWNTs and MWNTs.

2. Explore alternative methods of catalyst particle introduction into the flame environment.

3. Investigate the sensitivities to reactive gas environments, e.g. were PAHs involved (or even
suitable) for CNT growth.

Results and Discussion

Onset of catalytic reactivity and selectivity based on gas identity

In our previous work pursuing a flame-aerosol approach, various methods of catalyst
introduction have been studied; methods such as sublimation of organometallics [7-9], thermal
evaporation of pure metals [10] or nebulization of solutions containing metal salts [11, 12] have
been tested as a step towards scaling production. Initial work compared flame and high
temperature furnace environments in order to identify optimum gas flows and an overall gas
composition for SWNT synthesis [10]. Subsequent work made comparisons between two
metals, Ni and Fe, and their catalyzed products, SWNTSs and nanofibers, using a dual flame
configuration [13, 14]. Recently LII has been applied to this system [15]. Using a variety of
catalyst systems, we have consistently observed the following results.
Fe reacted in both the CO and CO/C,H,-based gas mixtures, producing SWNTs. Fig. 1 shows
TEM images of these products at various magnifications. In contrast, Ni was unreactive towards
the CO gas mixture. It only reacted with the CO/C,H, gas mixture, producing nanofibers. This is
shown in the TEM images of Fig. 2

Ni

Further tests investigated in detail the size effects for Ni catalyst nanoparticles and
sensitivities to the reactive gas mixture using the pyrolysis flame configuration. As with Fe, Ni
nanoparticles were formed by thermal decomposition of a nebulized Ni nitrate solution entrained
into a reactive fuel mixture. Although at the earliest stages of growth, the Ni nanoparticles were
sufficiently small to catalyze single-wall nanotubes (SWNTs), only the larger particles appeared
catalytically active yielding only nanofibers. Using different reactive gas mixtures consisting of
CO or C,H, or their combination, Ni nanoparticles exhibited a high preferential reactivity towards
C,H, to form nanofibers.

HRTEM images seen in Fig. 2 reveal that the carbon nanofibers consist of short,
undulating carbon lamella forming the nanofiber walls. Where visible, the nanofiber tips are
always terminated by a catalyst particle, in intimate association with the nanofiber walls. The
structure of the fibers, relative size of the catalyst particles and contact of the carbon lamella with
the particle are consistent with the traditional carbon fiber growth mechanism.

Variation of the CO/C,H, ratio alters the nanofiber morphology rather little (though it is different
with only C,H, present), instead the relative yield varies dramatically. Ni appears to be relatively
unreactive towards CO within the flame environment used here for all particle sizes observed (0.5
- 5nm). In contrast, Ni is catalytically active towards C,H,, but only the larger nanoparticles (4 - 5
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nm) exhibit this activity. Both observations are attributed to the nanoparticle physical and
electronic structure, and their variation with particle size, as later discussed.

Fe

On the basis of bulk crystal studies, Fe is considered to be more reactive than Ni [16].
Clearly, it achieves an earlier onset of reactivity, as only the very smallest Fe particles catalyze
nanotubes, in this case SWNTs. Therein, Fe might be expected to readily react with C,H,,
particularly since it reacts with CO. One might even predict that CO, as a less reactive carbon
source could yet play a similar role in restricting the rate of carbon supply through C,H,
dissociative adsorption, as it does with Ni. The difference here is that it would also contribute to
the carbon supply.

With CO replaced by a balance of He, the gas mixture containing C,H,, as the only carbon
source, was tested using Fe. No SWNTs were catalyzed. Only metal catalyst particles were
observed. Using the CO/C,H, gas mixture, no definitive increase in SWNT yield was observed.
While there may be some synergism between these reactant gases, the absence of an increase in
SWNT yield suggests that any synergism is marginal at best. These results demonstrate the
selective reactivity of Fe towards CO.

Notably, in either the CO or CO/C,H, gas mixture, Fe does not catalyze MWNTS or
nanofibers. Catalysis of either would require larger Fe particles, which are generally not observed
in our flame system. If the larger particles that are present were active towards MWNT or
nanofiber synthesis, then these products would be expected, given similar temperature and
residence time scales to those for Ni. Instead only the smallest Fe nanoparticles, roughly 1 nm in
size are catalytically active. They exclusively catalyze SWNTs. The absence of MWNTs or
nanofibers despite the presence of suitably sized particles suggests a decline in reactivity with
increasing particle size, in contrast to Ni.

Metal Nanoparticles

In a metal nanoparticle, the density of electronic states is finite and the traditional
conduction and valence bands are absent due to the small number of constituent atoms [17]. With
> 75% of the atoms residing at the surface for a 1 nm particle, the particle properties will largely be
determined by the surface atoms. This will be particularly true for those atomic orbitals not
participating (contributing electron density) in the free conduction band of the metal, such as the 3d
orbitals of the transition metals [16]. If the electronic properties of a metal nanoparticle resembles
those of the individual element, given the finite size and high surface area, then based on energetics
associated with its outer electron configuration, [Ar]5s*3d®, Fe atoms can achieve a stable half
filled d-shell by loss of electron density. Such is the case with donation of electron density to an
adsorbate, e.g. CO, which undergoes dissociation primarily by accepting electron density from the
catalyst metal. In contrast, acceptance of electron density (by the Fe nanoparticle) might be
expected to be energetically unfavorable, given the increase in energy associated with pairing
electron density within the d-shell orbitals. Therein, Fe would be expected to be unreactive
towards C,H,, which undergoes dissociation primarily by donating electron density to the catalyst
metal.

The situation for Ni is exactly opposite. Adopting the premise that the individual elemental
identity still governs the electronic properties of the surface atoms and hence, their reactivities, it
would be energetically favorable for Ni to accept electron density to achieve a more stable, filled d-
shell, namely [Ar]5s°3d"’. Therein, Ni would be expected to be highly reactive towards adsorbates
which donate electron density, e.g. C,H,. Correspondingly, Ni would be unreactive towards
adsorbates that accepted (withdrew) electron density from the metal nanoparticle, e.g. CO.
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Admittedly, the size dependent reactivities and selective reactivities towards the different reactive
gases required additional study. Undoubtedly, other factors are also integral to these results.
Some possibilities include thermal restructuring, adsorbate-enhanced restructuring and electronic
interactions between adsorbates mediated by the catalyst particle. Our previous studies have
discussed these effects in other synthetic systems [10, 14]. Further work remains to assess their
relative contributions to CNT synthesis within the flame environment.
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O gas mixture. Both individual
and bundled SWNTs were produced, though bundles were much more prevalent.
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Figure 2. Representative TEM images of Ni-catalyzed nanofibers using a CO/C, gas mixture. Catalyst
particles are evident at the tips of the nanofibers where exposed in (b). Image c) illustrates the undulation
of the graphene segments comprising the nanofiber.
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INTRODUCTION

Non-oxide materials such as diamond, SIC, SIN, and c-BN, possess a unique combination
of useful mechanical, thermal, optical, and electronic properties. These materials are of interest in
several industrial applications, such as high temperature load bearings or high speed meta
machining. Furthermore, nanoparticulates of these materials have specific application in the
fabrication of MEMS based combustion systems, and in the development and growth of nano-
systems and nano-structures of these materials. The synthesis of such materials is a great
challenge, and research on chemical vapor deposition of these materials is now being carried out
throughout the world at an increasing rate. Most of this research has been focused on diamond
films. The principal limitation found in these studies is the short length of the reaction zone and
small residence time. The best results for the formation of diamond powder were observed at low
pressures, at conditions where the reaction zone was stretched.

A research project is currently underway to study the formation in reduced gravity of high
quality nanoparticulate of novel materials using plasma synthesis. Particular emphasis will be
placed on the production of powders of non-oxide materials like diamond, SIC, SiN, and c-BN.
The objective of the study is to investigate the effect of gravity on the plasma synthesis of these
materials, and to determine how microgravity synthesis can improve the quality and yield of the
produced nanoparticles. Microgravity conditions offer better conditions for the plasma synthesis
of non-oxide materials. The controlling mechanisms of the plasma synthesis of high quality
nanoparticulate could be better understood in a microgravity environment because of increased
uniformity of the reaction zone and the absence of buoyancy effects on the reaction. Also,
because of longer residence times and reaction uniformity, higher yields of nanoparticles at a
better quality could be produced in microgravity.

In the work we are presenting here, a series of ground-based tests determine the quality
and yield of high quality nanoparticulate in normal gravity. Yield and quality of collected
nanoparticles were analyzed by means of transmission electron microscopy. The results of these
tests will be compared with novel materials produced aboard the KC-135 Parabolic Flight
Aircraft in future experiments.

EXPERIMENTAL HARDWARE

Ground-based plasma synthesis experiments were conducted using a microwave plasma
reactor operating in diffusion flame mode, as shown in Figure 1. Microwaves are generated viaa
remote magnetron head capable of a microwave power output of 180W to 1800W at a frequency
of 2470MHz. Generated microwaves are passed through a microwave guide into an atmospheric
plasma torch. The plasma torch is a chamber-type microwave applicator designed to increase the
reaction zone and minimize wall effects. Reactant gases are metered through mass flow
controllers and injected into the microwave zone of the plasma torch by means of a ceramic gas
feed tube. Argon gas is flowed coaxially in the torch and is used to produce and sustain the
plasmain the torch, as well as to isolate the reactants from the reactor walls. Figure 2 shows atop
view of the atmospheric plasma torch generating argon plasma. Particles produced in the
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atmospheric torch are collected downstream of the reaction zone by means of a particle trap.
Recovered particles are analyzed by means of transmission electron microscopy.

Figure 1. Microwave Plasma Reactor. Figure 2. Atmospheric
Plasma Torch generating
Argon plasma.
BACKGROUND

Previous plasma synthesis experiments and their findings will be discussed. Experiments
on the production of diamond powder by homogeneous nucleation and subsequent growth in a
microwave assisted combustion process have been conducted [1, 2]. The experiments were
performed in a tubular flow reactor consisting of a fused silica tube passed vertically through a
horizontal microwave transmission guide. Homogeneous nucleation of diamond was observed in
dichloromethane-, trichloroethylene-, and acetylene-oxygen mixtures. Pressure was varied in
these experiments from 50 to 500 Torr. Most of the diamond particles produced in these
experiments were on the order of 10 to 50 nm in diameter. These experiments showed that the
diamond nanoparticles produced were generally observed to be larger at lower system pressures.
In diffusion flames, higher pressure affects flame thickness through the reaction rate and through
transport diffusive and convective effects, which tend to shorten the flame. In the plasma-assisted
combustion environment, higher pressures decreased the reaction zone, leading to smaller
diameter nanoparticles.
RESULTS & DISCUSSION

The plasma reactor currently being used for normal gravity experiments is designed to
operate at low pressures ranging from 50 Torr to atmospheric. Experiments are currently being
performed on silicon-carbide powder. Silicon-carbide is formed much easier and in larger yields
than diamond powder. Nanoparticles are produced over a range of reaction gas flow rates and
microwave forward power. The reactor is currently being operated at atmospheric pressure, with
microwaves directed into the atmospheric plasma torch being ranged in power from 180W to
1200W. Collected silicon-carbide particles are currently being analyzed by means of transmission
electron microscopy.
FUTURE PLANS

Microgravity plasma synthesis of nanoparticles aboard the KC-135 will be the next step
in this project. Results collected in the reduced gravity environment will be compared to the
nanoparticles currently being produced in normal gravity. It is expected that nanoparticles will be
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produced at a higher yield and higher quality in microgravity because of the increased uniformity
of the reaction zone and longer residence times.
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COMPUTATIONAL AND EXPERIMENTAL STUDIES OF THREE-
DIMENSIONAL FLAME SPREAD OVER LIQUID FUEL POOLS
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INTRODUCTION

Schiller, Ross, and Sirignano (1996) studied ignition and flame spread above liquid fuels
initially below the flashpoint temperature by using a two-dimensional computational fluid
dynamics code that solves the coupled equations of both the gas and the liquid phases. Pulsating
flame spread was attributed to the establishment of a gas-phase recirculation cell that forms just
ahead of the flame leading edge because of the opposing effect of buoyancy-driven flow in the
gas phase and the thermocapillary-driven flow in the liquid phase. Schiller and Sirignano (1996)
extended the same study to include flame spread with forced opposed flow in the gas phase. A
transitional flow velocity was found above which an originally uniform spreading flame pulsates.
The same type of gas-phase recirculation cell caused by the combination of forced opposed flow,
buoyancy-driven flow, and thermocapillary-driven concurrent flow was responsible for the
pulsating flame spread. Ross and Miller (1998) and Miller and Ross (1998) performed
experimental work that corroborates the computational findings of Schiller, Ross, and Sirignano
(1996) and Schiller and Sirignano (1996).

Cai, Liu, and Sirignano (2002) developed a more comprehensive three-dimensional model
and computer code for the flame spread problem. Many improvements in modeling and
numerical algorithms were incorporated in the three-dimensional model. Pools of finite width
and length were studied in air channels of prescribed height and width. Significant three-
dimensional effects around and along the pool edge were observed. The same three-dimensional
code is used to study the detailed effects of pool depth, pool width, opposed air flow velocity,
and different levels of air oxygen concentration (Cai, Liu, and Sirignano, 2003). Significant
three-dimensional effects showing an unsteady wavy flame front for cases of wide pool width are
found for the first time in computation, after being noted previously by experimental observers
(Ross and Miller, 1999). Regions of uniform and pulsating flame spread are mapped for the flow
conditions of pool depth, opposed flow velocity, initial pool temperature, and air oxygen
concentration under both normal and microgravity conditions. Details can be found in Cai et al.
(2002, 2003). Experimental results recently performed at NASA Glenn of flame spread across a
wide, shallow pool as a function of liquid temperature are also presented here.

COMPUTATIONAL RESULTS

Pulsating Spread without Opposed Flow: A recent three-dimensional experimental study by
Konishi, Tashtoush, Ito, Narumu, and Saito (2000) presented transient three-dimensional
structures of velocity and temperature created by a pulsating flame spread over n-propanol.
Computations at similar conditions have been performed in this study under both normal and
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zero-gravity. Fig. 1 shows the history of flame position vs. time for different initial pool
temperatures at normal and micro gravity levels.
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Fig. 1 History of computed flame position vs. time. Fig. 2 Velocity vectors and temperature contours af

The symbol x marks extinction Instant A (side view at center of pool).

Under normal gravity, the flame pulsates at initial pool temperatures of 15 °C or below. The
flame spreads faster and the pulsation amplitude decreases while its frequency increases as the
initial pool temperature increases. When the initial pool temperature is at 17 °C, the flame
essentially propagates at a uniform speed. Under microgravity the flames appear to always
propagate at a steady speed without an opposed flow. However, the flames propagate some short
distances before they extinguish at later times when the initial pool temperatures are low. When
the initial pool temperature reaches 17 °C, the flame spreads at a uniform speed much in the
same way as under normal gravity. The temperature and velocity field are examined for the case
at 11 °C initial pool temperature under normal gravity at four instants marked as A, B, C, D in
Fig. 1. These four instants roughly correspond to the fuel vapor accumulation (Instants A and B),
flame jumping (Instant C), and onset of pulsation (Instant D) steps discussed in Konishi et al.
(2002), respectively. Fig. 2 shows the side view of velocity vectors and temperature contours at
the center of the pool (z=0) at Instant A. The almost stationary flame at this instant heats the
liquid surface causing significant convective motion of the liquid and the gas due to surface
tension. On the other hand, buoyancy draws air towards the flame causing a recirculating zone in
the air that can be clearly seen in Fig. 2 (note L = 30 cm). Surface tension pulls the liquid on both
sides near the maximum temperature point below the flame. Continuity of mass in the liquid then
results in a pair of vortices centered around the maximum temperature point. The details of the
flow and the flame at other instants are presented in Cai et al. (2003). The computed flow
patterns agree well with those observed in the experimental data in Ross and Miller (1996) and
Konishi et al. (2002). However, the computed temperature profile above the liquid surface does
not indicate the necessity of a pronounced temperature valley in front of the flame for pulsating
flame spread as suggested by Konishi et al. (2002). See details in Cai et al (2003).

Influence of Opposed Flow and Other Parameters: A large number of computations have been
performed to determine the influences of pool depth, pool width, air oxygen concentration, and
opposed flow velocity. Temperature regions of uniform and pulsating flame spread have been
determined by varying those different parameters under both normal and zero gravity. Results are
presented in Cai et al. (2003).

Wavy Flame Structures for Wider Pools: Cai et al. (2002) studied the detailed flame structure for

the 2 cm width pool case and reported significant three-dimensional edge effects as the flame
front turns around the corners at the side edge of the pool and trails behind. As the pool width is
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increased, the flame front becomes largely a wavy form as can be seen by looking at the contours
of the fuel consumption rates at three consecutive time instants for a 6 cm wide pool at 1-g
condition shown in Fig. 3. The amplitude of the wavy flame front and the wavelength are large at
the low initial fuel temperature end. As the temperature increases, both the amplitude and
wavelength decreases and the flame also propagates faster. As

the temperature increases to 18 °C, the flame front becomes completely straight and the flame
propagates uniformly. There is a strong Fusl ConsumpionRata (kg )
correlation between the wavy form of the o}
flame front and the pulsation of the flame = =}
spread. The wavy flame front only [ —
appears in pulsating spread cases. Similar [ = ue Q& Funtpe _
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EXPERIMENTAL TESTS 1 ) I ,
In most of our previous experiments, o o T o
the narrow pool width of 20 mm [
restrained the full development of 3-D .|
effects such as flame wrinkling or - .« 'UWHWS oo
corrugation at the leading edge. Y S
Additionally, our apparatus did not  °=f :
permit testing with an opposed air flow o5 TRTI, o
and a variable pool temperature; either  [Fig 3 Contours of fuel consumption rate Imm above the fuel
the pool temperature could be varied in [at different time instants for a 6 cm wide pool under 1g.
quiescent conditions, or the air flow rate
could be varied at room temperature. To provide a wider range of data against which to test the
numerical model, we undertook further 1g tests as described below. The apparatus was in most
respects the same as that described in Ross and Miller (1996), except that the bottom of the flow
tunnel was replaced with a new tray insert. This new bottom held a fuel tray 300 mm long x 78
mm wide x 2 mm deep. The flow duct itself remained at 340 mm x 100 mm x 70 mm, with
honeycombs and screens at each end to produce an even, laminar flow. The new fuel tray could
be temperature controlled via water-cooling channels, and the duct fan could be adjusted to give
varying opposed flow velocities to the flame spread. For all the cases reported here, the opposed
flow velocity was 45 cm/s, and the fuel was n-propanol.

Fuel Consumption R

Tunnel Floor

! | Fusl Poal

Figure 4 gives a representative graph of flame position along the tray centerline vs. time as
obtained by tracking the flame leading edge (note the time scale starts when the flame first
became visible beyond the igniter glow, and the starting position is set to zero). As can be seen,
the flame fronts exhibit pulsations as has been well established for n-propanol at these
temperatures. Tracking was also performed for the flame front 1.5 cm and 3 cm on one side of
the centerline. Generally, all three flame locations tracked very well together, indicating that the
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flame, despite being corrugated, moved as a single unit. A sample flame image is given in Fig. 5
to show the non-uniform leading edge.
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Fig.4. Centerline flame position vs. time for n-propanol| [view of the flame, while the lower portion shows a top|
pool at 11.8 C. view. Note the nonuniform flame front.

From the data like that shown in Figure 4, the pulsation frequency can be obtained as a
function of temperature. Interestingly, over quite a wide temperature range (8-20 °C), the
frequency was found to be 4-5 Hz, and to depend only slightly on the pool temperature. Results
presented in Cai et al. (2002 and 2003) indicate qualitatively the same behavior of temperature
independence when there is an opposed flow velocity and the temperature is above a certain
level. This extends the limited temperature range studied in Miller and Ross (1992) where a
similar result was reported and the frequency was found to be mainly a function of the pool
depth. Although the transition to pulsating spread is very sensitive to pool temperature, once the
transition has occurred it apparently is quite robust and seems to be driven more by pool
geometry than by the flame (whose speed decreased markedly as the temperature is lowered).

This research was conducted in support of the SAL project and the NASA Grant No. NAG3-
2024 under the technical monitoring of Dr. Howard D. Ross. Mr. Thomas Juliano as a Summer
Student Intern at NASA Glenn performed the experiments.

REFERENCES

Cai, J., Liu, F., and Sirignano, W.A. (2003) “Three-dimensional structures of flames over liquid fuel
pools,” submitted to Combustion Science and Technology.

Cai, J., Liu, F., and Sirignano, W.A. (2002), Combustion Science and Technology, 174 (5-6):5-34.
Konishi, T., Tashtoush, G., Ito, A., Narumi, A. and Saito, K. (2002), Proc. Comb. Inst., 28, pp. 2819-2826.
Miller, F.J. and Ross, H.D. (1998), Proc. Comb. Inst., 27, pp. 2715--2722.

Miller, F. J. and Ross, H. D. (1992), Proc. Comb. Inst., 24, pp. 1703-1711

Ross H.D. and Miller F. J. (1996), Proc. Comb. Inst., 26, 1327-1334

Ross, H.D. and Miller, F.J. (1998), Proc. Comb. Inst., 27, pp. 2723--2729.

Ross, H. D. and Miller, F. J., (1999), Sixth International Symposium on Fire Safety Science, pp. 77-94
Schiller, D.N., Ross, H.D., and Sirignano, W.A. (1996), Proc. Comb. Sci. and Tech., 118 (4-6):205--258.
Schiller, D.N. and Sirignano, W.A. (1996), Proc. Comb. Inst., 26, pp. 1319--1325.

NASA/CP—2003-212376/REV 1 84
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INTRODUCTION

The absence of buoyancy-induced flows in microgravity (xg) and the resulting increase in the
reactant residence time significantly alters the fundamentals of many combustion processes.
Substantial differences between normal gravity (ng) and g flames have been reported in
experiments on candle flames [1, 2], flame spread over solids [3, 4], droplet combustion [5,6], and
others. These differences are more basic than just in the visible flame shape. Longer residence times
and higher concentration of combustion products in the flame zone create a thermochemical
environment that changes the flame chemistry and the heat and mass transfer processes. Processes
such as flame radiation, that are often ignored in ng, become very important and sometimes even
controlling. Furthermore, microgravity conditions considerably enhance flame radiation by: (i) the
build-up of combustion products in the high-temperature reaction zone which increases the gas
radiation, and (ii) longer residence times make conditions appropriate for substantial amounts of soot
to form which is also responsible for radiative heat loss. Thus, it is anticipated that radiative heat
loss may eventually extinguish the “weak” (low burning rate per unit flame area) pg diffusion flame.
Yet, space shuttle experiments on candle flames show that in an infinite ambient atmosphere, the
hemispherical candle flame in g will burn indefinitely [1]. This may be because of the coupling
between the fuel production rate and the flame via the heat-feedback mechanism for candle flames,
flames over solids and fuel droplet flames. Thus, to focus only on the gas-phase phenomena leading
to radiative extinction, aerodynamically stabilized gaseous diffusion flames are examined. This
enables independent control of the fuel flow rate to help identify conditions under which radiative
extinction occurs. Also, spherical geometry is chosen for the ug experiments and modeling because:
(1) It reduces the complexity by making the problem one-dimensional. (ii) The spherical diffusion
flame completely encloses the soot which is formed on the fuel rich side of the reaction zone. This
increases the importance of flame radiation because now both soot and gaseous combustion products
co-exist inside the high temperature spherical diffusion flame. (iii) For small fuel injection
velocities, as is usually the case for a pyrolyzing solid, the diffusion flame in ug around the solid
naturally develops spherical symmetry. Thus, spherical diffusion flames are of interest to fires in
ug and identifying conditions that lead to radiation-induced extinction is important for spacecraft
fire safety.

EXPERIMENTAL RESULTS

The experiments were conducted in the 2.2 sec drop tower at the NASA Glenn Research Center.
The drop-rig used is described in detail elsewhere [7]. Briefly, it consists of a cylindrical test
chamber (0.38m dia.; 0.43m deep) that houses the spherical burner, the hot-wire igniter and the
photodiodes and thermocouples used for making radiation and temperature measurements. The
spherical burner (19mm dia.) was constructed from a low heat capacity porous ceramic material
(93% porosity). Two gas cylinders (150 cc & 500 cc) were charged with various gases up to 45 psig
and were used to supply the fuel to the porous spherical burner. Fuel flow rates to the burner were
controlled by a calibrated needle valve and a gas solenoid valve was used to open and close the gas
line to the burner upon computer command. The test chamber also had a 125mm diameter Lexan
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window which enabled the camera to photograph
the flame.

Several ug experiments under ambient
pressure and oxygen concentration conditions,
were conducted with methane (less sooty)
ethylene (sooty), and acetylene (very sooty) fuels
for flow rates ranging from 3 to 45 cm®/s. Only a
few results are presented here. The data was
collected by an onboard computer during the drop
and the following measurements were made: (i)
Flame radius —measured from photographs taken
by a color CCD camera (see Figure 1 for three
experiments on methane at different flow rates).
(i1) Flame radiation — measured by photodiodes
with different spectral characteristics ranging
from UV to IR (See figures 2 & 3 for comparable
flow rates of acetylene and methane. Here, the
radiation emitted by the flame in different
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Figure 1: Methane Radius Measurements
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Figure 3: Methane 40 ml/s - Radiation Measurements

wavelength intervals is plotted). (iii) Flame
temperature measured by five S-type
thermocouples and the sphere surface temperature
was measured by a K-type thermocouple. The

evolution of radial temperature profiles is shown in Figure 4 for an acetylene flame.

Video photographs show that for all fuels (methane, ethylene and acetylene), initially the flame
was blue (non-sooty) but becomes very bright yellow (sooty) under xg conditions. Later, as the ug
time progresses, the flame grows in size and becomes orange and less luminous and the soot
luminosity disappears. For the same fuel flow rate, methane flames eventually become blue (non-
sooty) in approximately one second, ethylene flames became blue toward the end of the ug time (i.e.
=2 sec) while acetylene flames remained luminous yellow throughout the 2.2 sec ug time. However,
the luminosity of acetylene flames was considerably reduced toward the end of the ug time and
would have also become blue given more time. These visual observations are in agreement with the

flame radiation measurements shown in
Figures 2 & 3 for C,H, & CH, respectively.

Radiation for CH, flames (Fig. 3) gradually
increases and then decreases. This is true
not just for the visible radiation but also for €
the infrared radiation containing the major
CO, and H,O bands. Clearly, the flame
gases are cooling at a rate faster than the
combustion heat release. Given sufficient
time the flame is expected to extinguish.

However, the situation is different for

acetylene flames. First, the flame radiation
is significantly larger due to soot formation
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and oxidation in the vicinity of the high temperature reaction zone. This is responsible for the large
rise and decrease in the first 0.4 seconds. As time proceeds, the radiation from all wavelengths
decreases except radiation from the 2-3pm band which contains the combined CO, and H,O bands.
The 3-4.7 band, corresponding to CO,, however, stays constant but shows a slight peak for t<0.4sec.
Since the combined CO, & H,O band dips considerably in this zone, it implies that the increase in
radiation is primarily due to soot oxidation. Later, as the distance between the soot shell and the
reaction zone increases, only H,-rich species are burning resulting in an increase in the H,O band
radiation. It would be interesting to calculate the H,, H,O and CO, CO and OH profiles in this
region. Figure 4 provides the radial temperature distribution corresponding to Figure 2. Clearly, the
flame temperature continuously falls and we expect even acetylene flame to extinguish given
sufficient time.

THEORETICAL RESULTS

To better understand these processes and predict flame radius, radiation and temperature,
theoretical models are being developed with chemical kinetics and flame radiation. As a first step,
soot formation and oxidation is not included and three types of models are considered: (i) Assuming
infinite reaction rate (analytical), (i) Assuming a single-step reaction mechanism, and (iii) Using
a skeletal reaction mechanism from Smooke[10]. Also, emission approximation was made in all
cases for modeling the flame radiation. For the 31mplest case of constant pressure ideal gas
reactions, we may write the following governing equations for an approximate analysis under
conditions of small soot lo%hng 1 d

Mass Conservation : 0_ + —26—( 2 pv) =0 (1)
0Z 0Z _ 1 0( > ~0Z)_
Conserved Scalar : p—— 3 va r_2§(r 'DDWJ 0 (2)
Constant Pressure Ideal gas: pT = poToo 0Or phS = const. (3)
mg: W —_ 2, 0% _ 2 . (0] _
Defining : 3 repyy ) reps =g ” v (4)

Here, the symbols have their usual definitions with p = density, T = temperature, v = velocity,
Z = Conserved Scalar (mixture fraction variable), h® = sensible enthalpy and D = diffusion
coefficient. Species and energy equations are replaced by a mixture fraction variable ‘Z’ which is
described by a homogeneous equation. The expectation is that this approach may be adequate for
calculating the observed expansion rate of the spherical diffusion flames, but it is expected to be
inadequate for predicting radiative extinction.

Applying the corresponding initial and boundary conditions for a sphere of radius 'R' blowing

fuel gases at a rate M () we get:

& ,
w0 = [ o (et - MY
R(t=0)

Where M(t) is the total fuel mass that has been injected from the sphere in time ‘t’. For a constant

(5)

given mass injection rate M(t), M(t)ZM(t) xt. Using ¢y =y ,=const at r = r, we obtain in the

approximation Z = Z:
: - 1/3
rf (1) = R3 i 3V(p0hoo 0 POY_Foo Zc) Xt (6)
A (pohdo + 1 1)
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Where, ;7 = Average heat loss rate by radiation per unit volume. Data correlated according to equation
(6) is shown in Figure 5. Clearly, while Equ (6) is approximate, it captures the physics of flame
growth. The fact that most of the data falls along a constant value (~1.3) is very encouraging.
Furthermore, the numerical calculations with one step reaction mechanism and thin gas radiation
also falls along this constant value. Numerical calculations without radiation clearly do not agree
with the data. Figures 6 & 7 show calculations with a detailed mechanism. Note how the OH mass
fraction and temperature are reduced at extinction.
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PARTICLE EFFECTS ON THE EXTINCTION AND IGNITION
OF FLAMES IN NORMAL- AND MICRO-GRAVITY

M.G. ANDAGC, F. N. EGOLFOPOULOS & C.S. CAMPBELL
Department of Aerospace & Mechanical Engineering
University of Southern California
Los Angeles, California 90089-1453

INTRODUCTION

Reacting dusty flows have been studied to lesser extent than pure gas phase flows and
sprays. Particles can significantly alter the ignition, burning and extinction characteristics of the
gas phase due to the dynamic, thermal, and chemical couplings between the phases. The
understanding of two-phase flows can be attained in stagnation flow configurations, which have
been used to study spray combustion [e.g. 1] as well as reacting dusty flows [e.g. 2]. The
thermal coupling between inert particles and a gas, as well as the effect of gravity, were studied in
Ref. 3. It was also shown that the gravity can substantially affect parameters such as the particle
velocity, number density, mass flux, and temperature.

In Refs. 4 and 5, the effects of inert particles on the extinction of strained premixed and non-
premixed flames were studied both experimentally and numerically at 1-g and u-g. It was shown
that large particles can cool flames more effectively than smaller particles. The effects of flame
configuration and particle injection orientation were also addressed. It was shown that it was not
possible to obtain a simple and still meaningful scaling that captured all the pertinent physics due
to the complexity of the couplings between parameters. Also, the cooling by particles is more
profound in the absence of gravity as gravity works to reduce the particle number density in the
neighborhood of the flame.

The efforts were recently shifted towards the understanding of the effects of combustible
particles on extinction [6], the gas-phase ignition by hot particle injection [7], and the hot gas
ignition of flames in the presence of particles that are not hot enough to ignite the gas phase by
themselves.

EXPERIMENTAL APPROACH

The experimental configuration includes the use of two counter-flowing jets in 1-g and p-g.
Particles are fed into the flow by using a particle seeder located in the bottom jet. However, the
particle pickup is strongly affected by gravitational forces so that the seeder has to be calibrated
separately at the lab for 1-g and on board KC-135 for u-g. Extinction studies were conducted
numerically and experimentally with 50-um combustible glassy-carbon particles. Premixed and
non-premixed flame extinction experiments were conducted by varying the particle number
density, the equivalence ratio, fuel type, flame configuration, and strain rate.

In all studies, a single flame was established at conditions close to the extinction state, below
the gas phase stagnation plane (GSP) by injecting the combustible mixture from the bottom
burner with the particles against an air jet. The fuel flow rate was then decreased very slowly,
until the flames were extinguished. The final composition was recorded as the extinction
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equivalence ratio, ¢y, for the prevailing conditions. The strain rates were determined globally.
Ignition studies were only performed numerically using 60 and 70-um Al,O; particles.

NUMERICAL APPROACH

The code was built around a quasi-one-dimensional set of equations for the gas phase similar
to the one in [8], by incorporating terms that account for both the dynamic and thermal
interactions between the phases. The equations for the particle phase were formulated for a
single inert particle, as the number densities are small enough so that particles are unlikely to
interact with each other. The code also includes a conservation equation describing the evolution
of the particle number density [3]. The solutions are obtained by simultaneously integrating the
entire system of equations. The kinetics was described by the GRI 3.0 mechanism [9]. The code
is integrated with the CHEMKIN [10] and Transport [11] subroutine libraries.

SUMMARY OF RECENT RESEARCH

The calibration results for carbon particles are shown in Fig. 1 as the variation of injection
particle number density, n,;, with the gas flow rate. It can be observed that for both 1-g and ug,
and for both low and high feeder speeds, n,, increases up to a certain flow rate, where it exhibits a
local maximum. Above this flow rate, the rate of increase of the amount of particles put in the
flow per unit time is smaller than the rate of increase in gas volume flow rate. As might be
expected, n, also increases with the particle feeder speed. The higher the feeder speed, the higher
the gas flow rate corresponding to the maximum n,, is reached. More particles are entrained in the
flow in ug compared to 1-g at lower flow rates but the amount of particle delivery is the same at
higher flow rates regardless of gravity.

Figure 2a depicts the variation of experimentally determined ¢y, with the global strain rate
Kb, in 1-g for CHy/air flames for injection number density of n,,j = 0 and 400 part/cm’. In both
cases ¢y increases with K,yp, which should be expected as stronger flames are extinguished at
larger strain rates. The data reveals that the presence of reacting carbon particles augments the
resistance to extinction as weaker flames can be sustained at the same Ky,. The results of Fig. 2a
also reveal that for high K,’s the observed difference between the ¢ey’s obtained with and
without particles nearly disappears implying that the particles either do not ignite or even if they
do, the ignition occurs well downstream of the gaseous flame so that the effect of the additional
heat release has only a small effect on the flame.

Figure 2b depicts similar results for C;Hg/air flames. Similar to the CH, flames, particles
appear to resist extinction at the lower K’s, but at higher strain rates, the two curves merge and
cross each other. Thus, at high strain rates, the particles do not ignite and promote extinction in
exactly the same manner as inert particles.

Figure 3 depicts the opposite problem of ignition in the presence of inert particles. It shows
the variation of the ignition temperature, Tig,, with the injection particle number density, n,, ;y, for
three cases, where 60-um Al,O; particles are injected at 300 K. In all cases, particles are injected
with a 1/3 molar ratio CH4/N, mixture against air. Then, the temperatures of the fuel-side, the
air-side or both sides were increased until ignition is achieved.

NASA/CP—2003-212376/REV 1 90



It is seen that the addition of cold particles into the flowfield significantly affects the ignition
temperature for all cases regardless of whether the particles are injected from the hot or cold jet.
It is also apparent that much higher temperatures are required for ignition when the air is injected
cold compared to other cases. This is solely due to the strong dependence of the ignition process
on OH radical generation through the main chain branching reaction H+O, — OH+O. This
reaction favors high temperatures and, as the O, is only available on the air-side, it will be
strongly inhibited by cold air injection.

Looking at the hot air cases, ignition temperatures are smaller if the fuel and particles are
initially heated - as would be expected. At first glance it appears that the two curves are parallel,
but actually, there is a much weaker effect for the hot-fuel/hot-air case. Note that the two curves
are 100 K apart at n,,j, = 10 part/cm® and 200 K apart at n, iy = 1000 part/cm®. Figure 4 depicts
the gas phase temperature profiles for n,;,; = 10 and 1000 part/cm’ for the two cases right before
ignition. For hot fuel, the cold particles cool the gas phase such that the temperatures around
GSP are reduced dramatically. Similarly for the cold-fuel case, the location of the rapid
temperature rise shifts towards the top burner, again due to the cooling by the particles.

Figure 5 depicts the H radical mass fraction distributions that also serve as markers of the
ignition kernels. The results reveal that when the number density is low, the flame tries to ignite
very close to the GSP on the air-side, where strain rates are highest. However, the radical pool is
larger in magnitude and volume for the case that the temperatures of both jets are increased. The
cooling around the GSP shifts the location of the ignition kernels towards the top burner, i.e. to
lower strain rate region, but more so for the case for which the temperatures of both jets are
increased. Thus, ignition becomes easier for this case compared to the other as n, ;,; increases.

Figure 6 depicts the variation of the maximum H mass fraction, Yy max, With n,;, for cases
where premixed twin CHy/air flames are ignited by hot 70-um Al,O5 particles for three values of
the equivalence ratio. The H radical increases rapidly at the ignition point. It is seen that leaner
mixtures ignite easier, as indicated by the lower values of n,j,j and T,y ien found as ¢ decreases.
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Abstract

This paper reports on a detailed experimental study of the velocity fields across a combustion
chamber and the associated CH" and soot extinction measurements performed on the diffusion
flame. Experiments were conducted with a gas fuel burner and on board of the Airbus A300.
The measurements revealed the detailed three-dimensional nature of the flow and its influence
on flame geometry and flame length. Experimental results have been compared with
numerical simulations showing good agreement. CH" measurement have been used to define
the reaction zone and incorporate a corrective factor to the soot extinction measurements
leading to a more precise mapping of soot concentrations around the flame. Preliminary
agreement has been observed for radiation heat losses between radiometer data and the
analytical expressions developed using soot concentration evaluations.

Introduction

Motivated by fire safety concerns and the advent of long-term microgravity facilities, a
renewed interest in fire propagation at very low Reynolds number has arisen. In spacecraft
buoyancy is negligible and the flow is limited to that induced by the ventilation system. In
normal gravity, temperature gradients result in natural convective flows that are laminar when
scale is small and leading to transition to turbulence as the size of the fuel increases. When
gravity is neglected, the problem of a chemically reacting boundary layer flow over a flat-
plate resembles the classical combustion problem first described by Emmons [1].

Within this framework is the intent of this study to provide further detail on the
characterization of the flow, geometry and location of the flame. However most of the
analysis is devoted to the estimation of the flame radiative feedback, transport phenomena
essential for the determination of material burning rate and their flammability and extinction
limits. The soot volume fraction, required for radiation heat transfer evaluation, is obtained on
the basis of attenuation measurements on a micro-gravity diffusion flame. It was found
necessary to complement the attenuation measurements with CH" measurements.

All the experiments were performed during parabolic-flight campaigns and at the Bremen
drop tower. The pyrolyzing fuel is modelled by means of an ethylene burner through which
airflow leads to boundary layer type conditions. The experimental hardware has been already
described elsewhere [2, 3] and will not be presented here.

Structure of the reacting flow: flame location and geometry

The structure of the flame is analysed through spontaneous flame zone emission, either visible
flame emission or CH' radical emission, using high definition CCD cameras and an adequate
filter (centred at 532nm for CH*). For PIV measurements the oxidizing flow is seeded with
Sum zirconium oxide particles, illuminated by a 26mJ mini-YAG laser.

The flow mapping by PIV underlines the perfect laminar character of the incoming stream
over the mean velocity range of concern 0.02m/s to 0.2m/s. It also shows that the external
flow is accelerated at the vicinity of the flame, in the near downstream of its leading edge,
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which leads to the velocity overshoot observed in previous studies but at earth gravity. These
observations are very consistent with the numerical results obtained from a computational
analysis [4].
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Figure 1(a) Temperature distribution for a reactive flow: the heat release zone is delimited by the grey dashed
contour. The fuel injection is set to V= 0.003 m/s and the free stream velocity to 0.1 m/s. The origin of the plate
is set at X=0, Z=0 and the air flows for Z>0. The leading edge of the porous burner is placed at X=0.04 m. 1(b)

Micro-gravity experiments visible flame. The fuel injection is set to V= 0.003 m/s and the free stream velocity is
0.1 m/s (negative image).

A comparison between the high temperature zone and the location of the reaction zone
obtained from numerical simulations (Figure la) with the location of the visible flame
observed in microgravity experiments (Figure 1b) shows a fairly good agreement too.
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Figure 2 Influence of the mean oxidizer flow velocity U on the mean flame length L for V= 0. 003 m/s (fuel
injection velocity): a) U=0.07m/s b) U=0.12 m/s

It appears clearly on figure 2 that U has a great influence on both the flame length and flame
stand-off distance. Moreover the flame length is not sensitive to Vy for a given U, but the
flame standoff distance is more. Increasing V¢ tends to push the flame zone upward, as a
consequence of the increase of the blowing ratio. An increase in oxygen mass fraction, 35%
of oxygen, leads to a flame zone that appears larger, longer and more luminous. CH'
emissions show that the flame zone enlarges close to the burner and consequently the flame
standoff distance decreases.

The data concerning flame length and flame standoff distance are of major importance for the
determination of the view factor needed to get the radiative heat feedback from the flame to
the surface. However more information is required on the radiative properties of the reacting
flow.

Soot layer properties

The characterisation of the soot layer is based both on CH* chemiluminescence’s and laser
extinction measurements [3]. Concerning CH" emissions quantitative results can be achieved
for premixed flames and while being cautious about extrapolation to diffusion flames some
results are of interest. It has been noticed [5, 6] that CH™ chemiluminescence increased when
approaching the stoechiometry and even more when pressure decreased towards atmospheric.
This provides evidence that for our particular experimental conditions the signal to noise ratio
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will be high. Since pressure is atmospheric, the reaction zone is narrow and should be
characterized by an equivalence ratio close to stoechiometric. As it has been shown [7] that
the volumetric rate of heat release is proportional to the CH" emission intensity. Thus it is
possible to plot relative variations of the local CH’ intensities, in relation with the maximum
measured value. The structure of the overall reaction zone was captured by two two-
dimensional CH" chemiluminescence imaging. A side view of the flame provides the
emission integrated over the width of the flame y, at different x locations, in the stream
direction. A top view of the flame collects the flame emission from the flame surface at
different z heights which are assumed to correspond to the flame stand-off distance. The ratio
between top and side view emissions is used as a corrective factor for the side view
measurements. By analogy this corrective factor is then applied to soot extinction
measurement.

The laser extinction measurements were performed to estimate the optical thickness under the
flame. According to the literature [8] the error does not exceed 1%. Therefore this study does
not account for induced emission. Moreover chopping the laser source allows measuring,
somehow, pure extinction, i.e. without flame and sooting spontaneous emission. By
subtracting the unbacklighted image to back lighted one, a correct extinction measurement is
made. Considering the literature [9] it is possible to get from our measurements, an
“equivalent absorbing soot volumetric fraction” and then to calibrate the integration over the
soot layer height (z direction). From that the optical thickness for several wavelengths over
the thermal radiation spectrum is obtained.

b/ versus z coordinate

a/ versus y coordinate
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Figure 3 CH chemiluminescence intensity cross-sections at different x stream wise coordinate.

From Figure 3a, it can be seen that the reaction zone, small near the leading edge, thickens
with the distance downstream. Figure 3b shows that the width of the reaction zone follows the
same tendency. On both cross-sections, the maxima occur at the same stage. On Figure 4 the
ratio (side view/top view) of the integrated CH' chemiluminescence intensities is plotted
versus stream wise coordinate. The ratio is constant and equal to 0.08 for x between 0.02 and
0.055m. The decay near the trailing edge is related to three-D phenomena.
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Figure 4 Ratio of the integrated CH* intensity. Figure 5 Extinction coefficient at different x and
elevation z

Figure 5 exhibits now the cross-section of the effective extinction coefficient. On the range of
constant ratio, the extinction characteristics are nearly constant in height and width. This
shows that modifications of soot structure are small enough not to change the adsorption
coefficient. ~Accounting for three-dimensional effects by analogy with CH
chemiluminescence data, the width of soot extinction coefficient was corrected. From our
measurements and data from the literature [9] an equivalent absorbing concentration of soot
has been obtained. Integration over the soot layer width in the z direction brings an estimation
of the optical thickness whose evolution has been computed according to our analysis. Finally
it appears that neglecting soot absorption in such a flame will not lead to a significant result.
Moreover all the data obtained both on the structure of the reacting flow, including the flame
shape and location and on the radiative properties of the system should be very useful in the
evaluation of the radiation transport to the surroundings.
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INTRODUCTION

Flame spreading over a flat solid fuel bed of various material have been investigated for the
purpose of fire safety. Among them, combustion of the electrical wire insulation is characterized
by the existence of the core wire with very large thermal conductivity. In our previous study [1]
on an ETFE (Ethylene-Tetrafluorethylene)-insulated Copper wire, it was demonstrated that the
copper wire acts as both heating and cooling medium on the burning of wire insulation and the
mechanism for the spherical flame formation was proposed as shown in Fig.1. The uncoated, that
is the coating being burned out, copper wire inside of the flame receives heat from surrounding
hot gas and conducts part of it to the coating to enhance gasification. On the other hand, at the
station where the flame touches with the coating surface, the flame extinguishes locally due to

heat loss to the copper wire through the coating. The

gasification of coating produces strong Stefan flow
which tends to reduce the heat flux toward the
coating surface through the gas phase.

Combustion Microgravity experiments by Fujita et al. [4]

have shown that the combustion of Polyethylene-

Heat insulated wire has different characteristics from that

Heat loss of ETFE-insulated wire [2,3]. The spheroidal shape

Feedback 4 _ of melted coating is formed near the center of the

QLe wire spherical flame due to surface tension and the blue

flame is observed at the leading edge of the flame. In

Melting part the present study, a mathematical model is developed

to investigate the effect of melting, gasification and

deformation of polymer coating on combustion of

Spherical flame sheet Polyethylene-insulated ~ wire in  microgravity.

Numerical results of the present model contribute to

the further understanding of the role of core wire in
the formation of spherical flame.

Fig.1 proposed mechanism for
formation of spherical flame

FLAME SPREAD MODEL
To develop the thermal pyrolysis model, the following assumptions are introduced.

(1) Phase change of the coating occurs at a certain melting and boiling temperature.

(2) The physical properties of the coating material are constant.

(3) Quasi-steady heat conduction within the coating and the melted polymer occurs only in the
radial direction at each station along the wire.

(4) Volume change of the coating occurs only at the instance of phase change.
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(5) The lubrication theory can be applied to describe the melted coating flow.

The core wire temperature doesn’t change without receiving the large radial heat flux from the
coating because thermal conductivity of the core wire is very large. Since the propagation speed
of spherical flame is small, the quasi-steady condition for the temperature distribution inside of
the coating is valid.

The configuration of melted polymer, core wire temperature and surrounding gas temperature
distributions in Fig.2 are assumed for the modeling. We can identify the following four different
states.

(1) z1<z<z,

At the part where the wire temperature is higher than the boiling point, regardless of the
surrounding gas temperature the coating is at the boiling temperature everywhere. This
assumption is appropriate, because the surrounding gas temperature is always higher than the
boiling point inside of the spherical flame and wire temperature is highest at the uncoated
wire part [1]. The coating is assumed to gasify only at the surface and the gasification rate is
determined from the thermal inflow from the surrounding gas and the core wire. The shape of
melted coating surface is determined by surface tension.

(2) 22<z<z3, 723<7<24

At the part where the wire temperature is lower than the boiling point and the surrounding
gas temperature is higher than the boiling point, the melted part exists near the surface or the
totally melted part appears on condition. At this part, the coating is heated by surrounding hot
gas, while it’s cooled by core wire. The shape of melting surface is determined according to
thermal inflow from the surrounding gas and the core wire. The shape of melted coating
surface is determined by the effect of surface /
tension and volume expansion at the melting
surface.

(3) z4<z<zs

At the part where the wire temperature is
lower than the melting point and the
surrounding gas temperature are lower than
the boiling point, the coating melt only at the
surface. The small gasification rate can be
neglected. Surface temperature of the
coating is determined from the thermal
inflow from the gas and the core wire.

(4) zs<z
At the part where both wire temperature

\ Surrounding gas temperature

1

and surrounding gas temperature are lower M\Wire temperature distribution

than the melting point, the coating is solid. \i

The surface temperature of the coating is ! Tg

determined according to thermal inflow N\

from the gas and the core wire. \ Ty zZ
Depending on the condition, the melting of >
coating starts form the wire surface. Such a case Fig.2 Configuration of melted polymer,
is incorporated in the calculation when core wire temperature and
necessary. surrounding gas temperature
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The core wire temperature is calculated according to a one-dimensional unsteady heat
conduction equation with heat loss to the coating (coated part) or surrounding gas (uncoated
part). The reactive gas-phase equations in the low mach-number approximation are solved using
the transformed coordinates compatible to the coating surface deformation in the SIMPLE
method. An Arrhenius type of one-step reaction is applied to describe the combustion of reactive
gas. The effects of radiation from the combustion gas and the solid surface radiation loss are
neglected, all transport properties are constant and Lewis number is unity in the gas phase. The
equation system is made dimensionless using the ambient gas properties and the core wire radius.

RESULTS AND DISCUSSION
Figure 3 shows the temperature (top), fuel mass fraction (middle) and reaction rate (bottom)
contours of the flame which propagates steadily from left to right. It is found that the left hand
side of the flame is spherical, but the right hand side of the flame is slightly elongated to the
forward direction. This 1is because the

G0 gasification of the coating occurs over a
. 50 Temperature rather long range between the coating edge
2 and leading edge of the flame, as can be seen
§ 40 from the fuel mass fraction contour. This
5 30 point is different from the result of the
% 20 previous study [1], in which the coating
& 10 gasification part is restricted to the vicinity of
0 the coating edge. Correspondingly, at leading
edge of the flame, the gasified fuel reacts
60 with oxygen near the coating surface. This
< 50 Fuel mass fraction flame shape change is consistent with
§ 40 experimental observation by Fujita et al. [4].
b Figure 4 and Figure 5 show the phase
g 30 state of coating and temperature distribution
g 20 along the wire, respectively. It is shown that
® 10 in the steady flame propagation state, the
0 phase state of the coating is classified into
four parts, (1) totally melted part, (2) two
60¢ melted parts separated by a solid phase part,
= 50f Reaction rate (3) surface melted part, (4) totally solid phase
§ a0t part. The totally melted part is restricted to
g 302 the vicinity of coating edge and coating
% gasification rate is highest at the coating
g 200 edge. Because thermal inflow from the
® 10: W surrounding gas is small compared to that
Y. N s e from the core wire. Inside of the spherical
es 50 75 100 125 flame, the coating receives heat from the

Axial distance 2 surrounding hot gas, however the part of the

coating is cooled by the core wire. Therefore,
the separated melted part emerges where the
core wire temperature is higher than the

Fig.3 Temperature, fuel mass fraction
and reaction rate contours of the flame
in the steadily propagating state
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melting temperature and the surface melting part emerges where the core wire temperature is
lower than the coating temperature. The heat loss to the core wire through the melted/solid
coating controls the chemical reaction at the leading edge of the flame. Therefore, the leading
edge of the flame cannot self-propagate. These calculation results demonstrate the roles of core
wire as both heating and cooling medium. Flame shape is kept nearly spherical, due to the
balance between propagation speed of the coating burnout edge which is enhanced by the heat
feedback via the core wire and that of the flame front which is limited by the cooling effect of
core wire.

SUMMARY

In the present study, the mechanism of Polyethylene-insulated wire burning is examined
using the deformable coating pyrolysis model. Though the flame shape and length of coating
gasifying region are different from the results of the previous study [1], the roles of core wire as
both heating and cooling medium are confirmed. However, the present model needs some
improvement because the melted coating shape obtained in the present study differs from that of
the experimental results.
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MARS ISRU CO/O, ROCKET ENGINE DEVELOPMENT AND TESTING

E.E. Rice, D.J. Gramer, C.P. St.Clair, and M.J. Chiaverini
Orbital Technologies Corporation (ORBITEC™)
Madison, W1 53717
INTRODUCTION

This article addresses the current status of a research and development effort in which ORBITEC
has undertaken to test new types of ISRU-based propulsion systems for use on Mars. The
Martian atmosphere (about 95.5% CO,) provides a readily available supply of carbon dioxide
(COy) to produce both CO and O, which can be used for rocket engine applications. Hybrid
propulsion systems have several safety and operational features that make them attractive for
space systems. For Mars ISRU applications, CO gas can be frozen directly to form a solid fuel
grain, then burned with liquid oxygen. Alternatively, both CO and O, gas can be liquefied and
burned in a liquid propellant combustion chamber. This article presents the results of a hybrid
rocket test program that used storable propellants to simulate SCO/LOX combustion, as well as a
discussion of future tests with a vortex combustion, liquid bipropellant CO/O; thrust chamber.

METHOD OF APPROACH

Previous articles have discussed the testing of a lab-scale cryogenic hybrid rocket that burned
solid CO and gaseous oxygen in a classical hybrid rocket configuration, i.e., injection of the
oxidizer along the axis of a solid-fuel tube.>? The current work focuses on an alternate hybrid
configuration: the vortex end-burning hybrid (VEBH). The end-burning hybrid configuration
provides the advantages of a constant fuel surface area and potentially higher regression rates
than possible using solid cryogenic fuels in the classical configuration. Since the fuel burning
surface area is fixed, the engine mixture ratio can be controlled by varying the oxidizer mass
flow rate and/or the combustion chamber diameter (fuel surface area). Classical hybrids have a
time-varying mixture ratio because the burning surface area changes with time due to increases in
the port diameter. In addition, the swirling nature of the VEBH oxidizer increases the fuel
regression rate by a significant degree.

The VEBH shown in Fig. 1 was designed for use with HTPB, a storable, rubber-based hybrid
fuel, and gaseous oxygen. The goal of the VEBH testing was to determine the effects of
combustion chamber diameter, injected oxygen mass velocity, and separation distance (&)
between the GOX swirl injectors and initial fuel surface location. These results are helpful for
the design of the SCO/O, vortex end burning hybrid. Specific operational characteristics of
interest include ignition, regression rate, scaling, burning uniformity, and the internal flow field.

The engine consists of a ring chamber sandwiched between mating top and bottom plates.
Gaseous oxygen is tangentially injected through ports at the tail (nozzle) end of the each
chamber. The initial distance from the centerline of the injection point to the grain surface was
studied at three levels by controlling the initial grain thickness. The number of injection ports
was also varied. There are two ring-chambers of each chamber size; one with “small” diameter
injection ports, and the other with “large” diameter injection ports. This allows the effects of
injector port mass flux to be studied, defined as the oxygen flow rate divided by the injector port
area. The oxygen flow rate for each chamber diameter was selected to achieve a chamber port
mass flux of 0.132 g/cm®s. This is defined as the total oxygen flow rate divided by the cross
sectional area of the chamber. The nozzle throat sizes were designed to produce a constant
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chamber pressure of approximately 150 psig for all the experiments. An H,/O, torch was used to
ignite the solid fuel. Test times were about 5.2 s.

Face Plate

Instrumentation
Port (2)

Nozzle Plate

it Nozale / Swirl Injectors (4 Combustion Chamber

Figure 1. VEBH Il with 4-inch Chamber (4 Swirl Injectors)
RESULTS AND DISCUSSION

Figure 2 shows a typical post-firing fuel grain. The swirl pattern is evident. Interestingly, a
“counter swirling” pattern of grooves exists near the center of the chamber. These grooves
appear to indicate flow opposite that of the swirl GOX injection. One possible explanation for
this finding is that the flow is actually spiraling outward from the center of the chamber, rather
than inward. In this case, the flow would be spinning in the same direction as the GOX injection.
A portion of the oxygen may be spiraling along the bottom of the chamber and up to the head end
in the central region where it meets the grain surface and flows back outward. In this case, the
flow field might consist of two interwound spirals in the central region of the chamber, with one
spinning upwards, and the other spinning down towards the nozzle. This behavior is currently
under further investigation. In addition, all of the spent grains had a concave region in their
center where there is accelerated regression. The surface of the concave region is textured with
shallow pockets.

Pressure Taps

Figure 2. Typical Grain Contour After a Firing
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Statistical analysis of the average regression rate response was conducted considering the
following independent variables: injector port mass flux, average injection distance, and chamber
diameter. The experimental oxidizer mass flux varied by about 10% during the testing. This was
accounted for by normalizing the data as follows:
ltran = Fexp /(Go,exp)O'GZ
Where:

lvan = transformed regression rate used for statistical analysis (cm®/g)

lexp = €Xperimental regression rate (cm/s)
Go,exp = Xperimental oxidizer mass flux (g/cm®-s)

The motivation for this transformation was to reduce the variability in the regression response
caused by differences in mass flux, thereby increasing the sensitivity of the statistical analysis.
The exponential relationship between regression rate and mass flux (0.62) was experimentally
determined during a previous end burning hybrid test program.

Injector port mass flux and injection distance were found to have a statistically significant effect
on the regression rate. Injection distance had about twice the effect of injector port mass flux on
the regression rate. The statistical model, shown as Equation 1, predicts a linear relationship
between the relevant variables. Note that the regression rate has been un-transformed. No
interactions among the independent variables were found to have an effect.
r = G, %(0.332+3.47E-3G,,-0.0224D;;)  -(1)
Where:

r = regression rate (cm/s)

G, = oxidizer mass flux (g/cm?-s)

Go,p = injector port mass flux (g/cm®-s)

Din; = distance from injector to grain surface (cm)

The optimum mixture ratio for HTPB/GOX is 2.4. As shown in Table 1, the firings were all
quite fuel rich. Equation 1 can be used in the future to optimize the design with respect to
average mixture ratio.

An important finding of this work is that the chamber diameter was not found to have an effect
on the regression rate. Recall that the oxidizer mass flux was designed to be the same for each
chamber size/test. This result suggests that the end burning hybrid regression rate scales quite
predictably with respect to chamber size, demonstrated here by a factor of four (with respect to
port area).

FUTURE WORK

ORBITEC has recently completed design and fabrication of engine hardware to support testing of
a vortex combustion cold-wall bipropellant rocket engine with gaseous carbon monoxide and
gaseous oxygen. Figure 3 presents a section view of the engine assembly and a top view of the
nozzle/vortex injector.

ORBITEC’s vortex cold-wall engines operate by establishing a protective layer of cool, unburned
propellant between the chamber wall and the combustion zone. This has the primary benefit of
shielding most of the chamber wall surfaces from direct contact with hot gases, minimizing the
thermal loading and the requirements for active cooling. The basic injection pattern to achieve
this effect is illustrated in Figure 3. One of the propellants is injected from the bottom of the
engine in a swirling pattern tangent to the chamber wall. This propellant swirls around the wall,
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climbing as it goes, until it reaches the top of the chamber. Here, it turns towards the nozzle,
entering a downward-swirling co-axial combusting vortex. It also encounters the second
propellant, which is injected from the head end. These propellants mix and burn as they swirl
down and out of the engine.

Hot fire testing of this engine with CO/GOX is projected to begin shortly after the time of this
writing. The preliminary test plan calls for exploring the effects of several variables, including
CO AP, GOX AP, the number of head-end injector ports, the fan angle of the head-end injector
ports, the length of the chamber, the propellant mass flow, and the propellant orientation.

Head-End
Injector
Port

e
n

Injector
\

Head End

Chamber Body

S

Nozzle/

_
Vortex \wﬁ\
Injector

Port

Section Vortex Top
View Injection Vi
of Monifold ‘E’FW
O
Assembly Nozzle

Figure 3. Basic Design of the Carbon Monoxide/GOX Vortex Cold-Wall Engine
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ABSTRACT

Counterflow diffusion flames are studied for various fuels flowing against decomposition
products from solid AP pellets in order to obtain fundamental understanding of composite
propellant flame structure and chemistry. In this paper, we illustrate this approach through a
combined experimental and numerical study of a fuel mixture consisting of CO and H, flowing
against solid AP. For this particular AP-fuel system, the resulting flame zone simulates the flame
structure that is expected to exist between reaction products from fine AP crystals and a
hydrocarbon binder with the decomposition products from large AP crystals, characteristic of a
bimodal AP propellant. As in all our experimental studies, quantitative species and temperature
profiles have been measured between the fuel exit and AP surface. Species measured included
CN, NH, NO, OH, N;, O,, CO,, H,, CO, HCI, and H,O. Temperature was measured using a
thermocouple at the exit, spontaneous Raman scattering measurements throughout the flame, OH
rotational population distributions, and NO vibrational population distributions. The burning
rate of the AP was also measured for this flame’s strain rate, given by a separation distance of 5
mm. The measured 12 scalars are compared with predictions from a detailed gas-phase kinetics
model consisting of 86 species and 531 reactions. Model predictions are found to be in good
agreement with experiment and illustrate the type of kinetic features that may be expected to
occur in propellants when AP particle size distributions are varied. Furthermore, the results
constitute the continued development of a necessary database and validation of a comprehensive
model for studying more complex AP-solid fuel systems in microgravity.

INTRODUCTION

The potential to 1) increase specific impulse, muzzle velocity, and payload mass, as well as
2) assess the safety and reliability of systems containing propellants or explosives that are
subjected to normal and abnormal environments, is highly dependent upon the ability to
formulate and to model new and existing energetic materials. Systems of this type could be
monopropellants or energetic composites comprising oxidizer particles of different sizes, which
are randomly imbedded, for example, in a thermoplastic elastomeric binder. The development of
advanced propellants employing new nitramines and energetic binders requires a more
sophisticated approach than the conventional methods of testing a matrix of ingredients to arrive
at a formulation empirically. The latter approach is too costly and time-consuming for the large
matrix of nitramine/binder combinations.
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In the present research, we have developed a combined experimental and computational
program that focuses on the prediction of micro combustion parameters like flame structure,
temperature profile, heat release, and species concentrations as well as global parameters such as
burn rate and pressure exponent for development of a comprehensive propellant combustion
model that may eventually be used for design and optimization of propellant formulations as well
as study of their storage and disposal. We are studying propellant ingredient combinations
through a systematic approach using a counterflow diffusion flame configuration, which
separates the fuel and oxidizer and extends the reaction zones spatially, allowing diagnostics to
measure quantitative species and temperature profiles while simplifying the fluid flow of the
numerical simulations allowing the program to concentrate on propellant kinetics.

In a typical counterflow diffusion flame
experiment two laminar plug flow jets, one of
fuel and one of oxidizer, are directed at each
other so they impinge in the middle of the  Reducesto 1D system
domain. Properly designed, this configuration sepamionI' o

opposed jets
laminar plug flow

stagnation plane

leads to one-dimensional flames that can be a 4 0= anar (10) diffusion flame
modeled with the lower CPU demand of 1D

codes. In addition, the experimenter has [ $

complete control over many flame parameters >
including fuel chemistry, fuel thermal
properties, flame strain rate, etc. In our case
the oxidizer side is not a jet but a solid pellet of ammonium perchlorate (AP) (Fig. 1). AP does
not normally self deflagrate at pressures below about 200 PSIA (depending on purity), but in the
counterflow configuration, AP flames are observed to be self-sustained even at 1 atm, with
nearly perfect planar multi-flame structures.

In the current program, we have studied the structure of AP/methane, AP/ethylene, and
AP/carbon monoxide and hydrogen flames [1-5]. These flame structures represent the
fundamental building blocks of more complex hydrocarbon based binder systems. For example,
ethylene is an important decomposition product of HTPB, while methane, carbon monoxide and
hydrogen are important sub-mechanisms of ethylene combustion. Furthermore, by selective
variations in the fuel composition, we have been able to mimic particular regions of the flame
region and the effect of macroscopic variations of the propellant formulation such as the AP
particle size. Diagnostics applied to these flames include thermocouple temperature profiles,
spatially and spectrally resolved chemiluminescent emission profiles, PLIF (Planar Laser
Induced Fluorescence) 2D imaging of CN, NH, NO, OH, OH rotational temperature, and PAH,
line of sight absolute calibration of PLIF profiles using UV-visible absorption imaging, planar
2D imaging of soot via LII (Laser Induced incandescence), and 1D profiles of N,, O,, CHy4, H,O,
and HCI via point Raman scattering. Utilizing recent developments in hydrocarbon, chlorine,
NOy, NHy, and AP kinetics, a detailed transport, finite rate chemistry system was formulated for
the temperature, velocity and species mass fractions of the combined flame system.

| — movable stage

Purge N,
Figure 1. Experimental Configuration.

AP/(H,+CO) GASEOUS FUEL DIFFUSION FLAME STUDIES

Most composite propellants based on AP contain a bimodal or trimodal particle size
distribution of AP. A typical formulation would contain 85% solids (AP) with 15% binder (e.g.,
HTPB). The AP would consist of a mixture of coarse and fine AP particles (e.g., 62% 200 pum
and 38% 25 pum). In our prior studies, we used methane and ethylene as representatives of the
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HTPB decomposition gases that would burn with
the fine AP. Here, the fuel is a mixture of H, and
CO in the ratio of 52 to 48 mole percent,
respectively. This simulates the chemistry of the
combustion products from the binder (HTPB) and
fine AP fraction of a composite propellant, which ] P
go on to react in a diffusion flame with the large b T v
diameter AP fraction. In the formulation example @) ®) (©) e

p Figure 2. AP/(H,+CO) counterflow diffusion
given, the neat AP flame (above large diameter AP flame PLIF images, 5 mm separation between
crystals) would be 1377K, the fine AP/binder flame  the AP surface and fuel exit. The AP is at the
would be 1162K, and the final flame between the bottom and fuel at the top. (a) OH PLIF. (b)
decorpposition products from the large AP and the IXS/(HEE;FQ) coﬁi)terf(ljcl)(\:segili?ﬁlsi\gflwﬂa:r)lfe ;23
AP/binder flame pI‘OdU.CtS would be 2645K. (d) AP/CH, counterflow diffusion flame for

Details of the experimental techniques and  comparison.
numerical procedures can be found in our previous
papers. Figures 2a and 2b show representative OH and NO PLIF images. Note the clean image
above the OH PLIF due to lack of fuel decomposition products such as PAH and/or soot LII, as
was seen for AP/CH4, and especially AP/C,Hs counterflow flames. Color imaging (Fig. 2c¢)
shows two distinct regions for the AP/(H,+CO) flame. This compares with four colored flame
regions in the methane AP case (Fig. 2d). Note also that the AP pellet burns relatively flat and
the gas flames are very flat. Both images show the same thin orangish flame near the AP surface
and a thicker light blue flame above it (which spatially corresponds to OH radicals in the PLIF
image). The bright purple bluish flame above the OH* seen in the methane case is missing for
AP/(H,+CO). The bluish color was chemiluminescence from CN* and NH* radicals which are
missing from the hydrogen/carbon monoxide AP flame. There is a top reddish “flame” towards
the fuel side for AP/methane, not well shown in the exposure case for Fig. 2d, which correlates
with soot volume fraction and is undoubtedly faint black body emission from soot. The
AP/(H,+CO) flame produces no soot.
The experimental temperature profile is shown

e T e

in Fig. 3. The Stokes/Anti-Stokes Raman results 3000

match the OH rotational temperature quite well. 2500 y ~—e.o

Also shown are temperatures obtained from total 2ooo§- o ° o3
density (from total Raman Stokes signal); these 51500; o © 8
match the other measurements as well. 1000 . _
Temperatures from fitting NO vibrational spectra, S
shown in Fig. 3, also match. The -calculated 5°°§ ’ i tamperatre pom L
temperature, NO, OH and NH profiles are shown S S
Fig. 4. In all the plots, the measured scalars are mm from fuel exit

Figure 3. Temperature profile with a 5 mm

compared with the model predictions. With the )
separation.

exception of NO on the fuel rich side, model
predictions and experiment are generally in good agreement. The NO profile predicted in the
AP/CHy flame distinctively showed the sharp change in slope near 2.8 mm, which is absent from
the prediction shown in Fig. 4. However, compared to the experimental data, the model indicates
NO to be reduced at a faster rate in the fuel rich regions. Species profiles of CO, H,, HCI, H,O,
CO,, N2, and O,, obtained from spontaneous Raman measurements and compared with
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numerical data. Model predictions are in good agreement, with the exception of CO,, for which
the experimental results were lower than the predictions.

SUMMARY -
Although these studies have
been performed in a 1-g
environment, they have provided
us with significant experience in
the operation of counterflow
solid AP — gaseous hydrocarbon
flames. The modeling has
enabled wus to build the
foundation chemistry with which e
to examine systems that are more
complex. Our goal has been to
study solid oxidizer — solid fuel g el
counterflow systems. Because of
melt layer dripping from the solid M PR S P A B Fom T i R
oxidizer or solid fuel surfaces  Figure 4. Comparison of experimental NO, OH and NH species profiles
and the effects of buoyancy on and the temperature with modeling results.
the flame structure, these systems cannot be studied in a 1-g environment. By operating under
microgravity conditions, the length scales will be increased and the gravitational forces
suppressed on melting binders such that increased resolution of both major and minor species
will be possible thus reducing the demands placed on both the computational and diagnostic
tools. We have designed and initiated fabrication of a test rig for parabolic flight experiments.
Because of significant safety requirements and our initial desire to maximize the number of
scalars measured, the design and fabrication of this system has required several modifications.
All of the modeling studies have been conducted with specification of the gas-phase
speciation at the AP surface or at the fuel tube exit. We have studied several condensed phase
reaction mechanisms for AP decomposition in the literature, and currently, none of these
mechanisms is capable of predicting the gas-phase speciation measured at the AP surface. These
mechanisms have generally been postulated from empirical evidence. Clearly, significant
research, both experimental and theoretical, is required at the molecular level to develop our
understanding and knowledge base of condensed phase processes.

NO Mok Fraction

1 E 3 4 "o 1 E 3 C 5
Fuol R (cm) AP Fuol R (em) AP

NH Mole Fraction
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COMBUSTION OF HAN-BASED MONOPROPELLANT DROPLETS
IN REDUCED GRAVITY

B. D. Shaw
MAE Department, University of California, Davis, CA 95616

INTRODUCTION

Hydroxylammonium nitrate (HAN) is a major constituent in a class of liquid
monopropellants that have many attractive characteristics and which display phenomena that
differ significantly from other liquid monopropellants [1]. They are composed primarily of HAN,
H,0 and a fuel species. HAN-based propellants have attracted attention as liquid gun propellants
(e.g., [1]), and are attractive for NASA spacecraft propulsion applications [2].
Triethanolammonium nitrate (TEAN), methanol and glycine have been investigated as potential
fuel species for HAN-based monopropellants for thruster applications [3].

This research is focused upon studying combustion of HAN-based monopropellant droplets.
The fuel species considered are TEAN, methanol and glycine, and droplets initially in the mm
size range are studied at pressures up to 12 atm. Reduced gravity is employed to enable
observations of fundamental combustion behaviors to be made without the complicating effects
of buoyant convection. High-pressure normal gravity experiments have previously been
performed as a part of this research program [4,5]. The present paper will focus on more recent
normal-gravity experiments [6] as well as reduced-gravity experiments [7].

NORMAL GRAVITY EXPERIMENTS

Normal-gravity experiments were performed to investigate the UV spectral absorption
characteristics and evaporation characteristics of monopropellant droplets composed of
hydroxylammonium nitrate (HAN), methanol and water [6]. Fiber supported droplets initially in
the mm size range were investigated, and droplets evaporated in room air with an ambient
temperature of about 23 + 2 °C and a relative humidity of about 44 + 4%.

Figure 1 shows data for droplet size variations. Droplets generally exhibited two-stage
vaporization histories with measurable evaporation rates at early times and essentially no
evaporation at long times. Initial evaporation rates were observed to vary significantly with the
composition of a droplet, and the presence of methanol significantly increased droplet
vaporization rates. Experiments showed that at sufficiently high HAN loadings, vaporization
rates could be essentially zero, and theory [6] suggests that this behavior is caused by reductions
in vapor pressure as the mass fraction of HAN in the liquid is increased.

Early-time evaporation rate constants were estimated using classical droplet vaporization
theory [8]. Here, the evaporation rate constant is the negative of the slope on a plot of d*/dy” vs.
t/doz, where d is the instantaneous droplet diameter, dy the initial droplet diameter and t is time.
Equation (1), which assumes spherical symmetry, was used to estimate initial evaporation rate
constants, Kinito, in the absence of buoyant flows. This value is corrected for buoyancy effects
using an empirical correlation developed for droplet combustion [9] (Egs. (2) and (3)).

Kinito = 8D(py/pa) In(1 + By) = 8A,/(cppg) In(1 + Br) (1)
Kinitg = Kinito (1 + 0.533Gr"*?) )
Gr = (2gpy"d*/*)(Tos - TY(Too + To) (3)
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In Egs. (1) - (3), D is the gas species diffusivity, p, the gas density, pq the liquid density, A, the
gas thermal conductivity, c, the specific heat of evaporated species, Gr is a Grashof number, p is
the gas viscosity, T, is the ambient temperature, T is the droplet surface temperature, and B
and By are transfer numbers based on temperature and species [6]. Gas and liquid properties
were assumed to be constant (though T was allowed to vary).

Table 1 shows data from the experiments for initial evaporation rate constants. Also shown
are values for Kisiio and Kiniig. The variables Yy, Yy and Yy, are the initial mass fractions of
HAN, water and methanol in a droplet, respectively. The data in Table 1 show that initial
evaporation rate constants depend strongly on the initial droplet composition. In addition, by
comparing the theoretical and experimental values for evaporation rate constants, it appears that
buoyancy effects are correlated reasonably well by Egs. (2) and (3).

quUId YH Yw Ym Kinit Kinit,g Kinit,O
(mm?/s) (mm?/s) (mm?/s)
Experiment | Theory Theory
A 0.82 0.18 0 - - -
B 0.41 0.59 0 0.0011 0.00096 0.00062
C 0 1 0 0.0015 0.0014 0.00087
D 0.656 0.144 0.20 0.0076 0.0067 0.0036
E 0.41 0.09 0.50 0.017 0.010 0.0050
F 0.164 0.036 0.80 0.018 0.017 0.0056
G 0 0 1 0.019 0.012 0.0058

Table I. Normal gravity liquid compositions and initial evaporation rate constants. Also

shown are theoretical estimates of initial evaporation rate constants.

The experiments also employed 50-micron optical fibers to carry UV light into and out of
individual droplets [6], and UV absorption spectra of the liquid between the fibers were
measured using a spectrometer coupled to one of the fibers. Representative data for transient UV
absorption spectra are shown in Fig. 2. These data show an absorption peak that is consistent
with NOs™ ions [6]. The absorption peak grows with time, indicating that nitrate ion
concentrations increase with time. It is also noted that the peak absorbance wavelength shows a
blue shift. As discussed elsewhere [6], this shift implies that methanol is preferentially
evaporated from droplets. All of the HAN-containing droplets listed in Table 1 were observed to
approach steady-state compositions that were essentially methanol-free and which had the same
final HAN and water mass fractions of about 0.85 and 0.15, respectively [6].

REDUCED GRAVITY EXPERIMENTS

Experiments were performed to study reduced-gravity combustion characteristics of
individual monopropellant droplets composed of HAN, methanol and water [7]. All experiments
were performed in air at 0.1 MPa and about 25 °C (future experiments at high pressure are
planned). Droplets initially in the mm size range were supported on fibers and were ignited using
a hot wire that heated the gas phase near a droplet. Initial HAN loadings varied from zero
(initially-pure methanol droplets) to stoichiometric amounts of HAN and methanol. The initial
liquid compositions are listed in Table 2. The experiments made use of a NASA drop rig [10].
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Burning rates, extinction characteristics and internal bubbling characteristics depended
significantly on the initial mass fraction of HAN in a droplet. Figure 3 shows data for droplet
sizes (data are not shown for t/dy> < 0.5 s/mm” because of obscuration from the igniter coil). As
with the normal-gravity evaporation experiments, initial burning-rate constants, K., defined as
the negative of the slope on a plot of d*/dy* vs. t/dy”, vary strongly with the initial droplet
composition (Table 2). Increasing Yy reduced burning rates. In addition, increasing Yy promoted
earlier flame extinction, and droplets could not be ignited when stoichiometric amounts of HAN
and methanol were present (mixture 8 in Table 2). These behaviors are likely a result of reduced
methanol mass fractions that will occur when the initial HAN mass fraction is increased.

Mixture Yu Yw Y Kave Bubbling Comments
(mm?/s)

1 0 0 1 0.86 No Extinction
2 0.0082 | 0.0018 0.990 -—- Yes Droplet breakup
3 0.041 0.009 0.950 0.55 No Extinction
4 0.082 0.018 0.900 0.43 No Extinction
5 0.205 0.045 0.750 --- Yes Droplet breakup
6 0.310 0.07 0.620 -—- Yes Droplet breakup
7 0.410 0.09 0.500 0.22 Yes (Weak) Extinction
8 0.694 0.152 0.154 --- No No ignition

Table 2. Initial fuel component mass fractions, average burning rate constants, bubbling
behaviors and general comments. These data are from reduced gravity experiments.

Internal droplet bubbling was observed in some of the experiments. The occurrence of
bubbling varied in a non-monotonic manner with the initial amount of HAN. As noted in Table
2, bubbling occurred for smaller (but nonzero) and larger initial HAN mass fractions, but not for
intermediate values. This may be related to formation of associated ions, which will promote
ignition of HAN-containing mixtures via the proton transfer reaction NH;OH + NO;* —
NH,OH + HNO:s. This reaction can be an important initiation step in HAN decomposition [11].

It has been suggested that ion pair levels can peak as a result of nonlinear variations in mean
ion activity coefficients [12]. Classical ion association theory with the Debye-Huckel theory for
mean ion activity coefficients [13] has been applied to the present HAN-methanol-water
mixtures. The results of this analysis suggest that ion pair concentrations can peak at low Yy
values but not at intermediate Yy values, which is consistent with experimental results that show
droplet bubbling at low HAN mass fractions. It is noted that mean ionic activity coefficients are
difficult to predict at high HAN loadings, making it difficult to predict ion association levels for
higher Yy values. However, based on data for aqueous HAN mixtures [14,15], it is expected that
ion pair (and ion complex) concentrations will approach high values at larger HAN loadings,
leading to the increased reactivity that is apparent in the bubbling results obtained with HAN-
methanol-water mixtures at higher Yy values (Table 2).
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ABSTRACT

In this report we present new data for fuel droplet combustion in microgravity to examine
the influence of ambient gas and fuel composition on flame structure and sooting dynamics for
droplets with initial diameters in the range of 0.4mm to 0.5mm. The fuels are JP8 (a kerosene
derivative) and nonane. The ambient gas is air and a mixture of 30% oxygen and 70% helium,
the latter having been examined for burning under conditions where soot formation is minimal.
Some data at elevated pressures are also reported.

The burning process shows a nonlinear D? progression which is independent of soot
formation as burning in a helium inert showed the same nonlinear trend. Flames were
proportionally farther from the droplet surface in helium than they were in air. A nondimensional
parameter is presented that consolidates the three ‘ standoff’ distances for the droplet, flame and
soot shell diameters within the initial diameter ranges examined.

INTRODUCTION

In an effort to expand the fuel systems that have been studied in microgravity to afuel which
has direct application to terrestrial energy processes, we explored the feasibility of microgravity
for studying the burning behavior of the complex fuel system JP8. JP8 is the primary fuel for
military aircraft and ground vehicles, and it also serves as the coolant for aircraft and engine
subsystems [Edwards and Maurice 2001; Heneghan et al. 1996]. It does not fit the mold for
microgravity droplet combustion experimentation because it is highly multicomponent with
constituents that have wide ranging boiling points, heats of vaporization and sooting tendencies.
On the other hand a single component fuel like n-nonane (CgHzg) is more typical of those
selected for microgravity droplet combustion studies (i.e., alcohols, alkanes, and their mixtures
[Shaw and Chen 1997; Lee et a. 1996; Avedisian 1997]). Such an ‘idea’ fuel provides a useful
basis for comparing with JP8, and nonane has a boiling point in the mid-range of JP8.

The experiments utilize droplets in the initial diameter range of 0.4mm to 0.5mm. The
ambient gas was air and a mixture of oxygen and helium. The latter was included in order to
compare burning of the same fuel under conditions where soot formation would be significantly
reduced. Measurements of droplet, flame and soot shell diameters were made and correlated
using a nomdimensional parameter that consolidated the measurements.

EXPERIMENT

Spherical droplet flames were created by burning droplets in a quiescent ambient gas
environment within microgravity (created by a drop tower) to eliminate buoyancy induced flows.
A fiber-supported arrangement was used and calibrated against a free droplet design in
microgravity under identical conditions of ignition and fuel type (i.e., nonane) and it gave very
good agreement with D? progressions from the fiber supported droplets. An instrumentation
package which contains a combustion chamber and two cameras inside a drag shield (one for
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16mm color or black and white photography using a LOCAM high speed 16mm film camera,
and the other for video imaging) was released into freefall to create microgravity. The droplets
were then ignited and their burning histories recorded. Quantitative measurements of droplet,
flame and soot shell diameters were obtained by transporting images from the 16mm black and
white, and color, movie films to a PC and analyzed using a commercial software package
(ImagePro). The backlit droplet images were illuminated using either a 16W halogen bulb (*‘low
intensity’ backlighting) or a 150 watt bulb (*high intensity’ illumination) with the latter being
required for the heavily sooting JP8 compared to nonane in order to provide visibility of the
droplet. Care was taken to ensure identical backlighting intensities when comparing different
conditions for their influence on soot formation.

The fiber support design [Avedisian and Callahan 2000] consisted of two fine SIC fibers
12microns in diameter and crossed at an angle of 120°. By using two crossed fibers and
mounting the droplet at the junction of the cross, droplets did not slide along the fiber. Ignition
was by two sparks of 0.5ms to 0.8ms duration positioned on opposite sides of the droplet (using
four electrodes) and activated 320ms after the package was released. Ignition in a helium inert
using our spark ignition system required that the oxygen concentration be increased to 30% (70%
He) for the same parameters of ignition energy and duration asin air.

DISCUSSION

Figure 1 shows selected color images of a JP8 droplet burning in microgravity at their peak
image intensities. Combustion in air (1a) shows an intense yellow color while in a helium inert
(1b) the yellow zone is reduced significantly with the flame structure showing an outer blue zone
and a faintly yellow interior. The reduced luminosity indicates less soot formation in helium,
most likely due to alower flame temperature in helium compared to air. At 3atm (1c) in helium
soot formation return dominated the luminosity (the influence of pressure on accelerating soot
precursor reactions overrides the lower flame temperature in helium). Figure 2 shows selected
backlit black and white images of nonane (a) and JP8 (b) droplets at atmospheric pressure. The
JP8 droplet is completely obscured in Figure 2b while the nonane droplet and soot shell are till
clearly visible in Figure 2a indicating much less soot formation for nonane relative to JP8.
Figure 3 shows the evolution of droplet diameter for JP8 in air (3a) and helium (3b). The gap in
data for JP8 in air (3a) was caused by the soot shell which became so thick mid-way through
burning that the droplet was not visible.

Immediately after ignition, JP8 experienced significant droplet heating as indicated by the
relatively constant or increasing droplet diameter (due to swelling) while nonane showed almost
no evidence of droplet heating after ignition. This difference is likely due to the lower product of
liguid density and specific heat of nonane compared to JP8 [Reid et al. 1987; Coordinating
Research Council 1983]. In helium (3b) the JP8 droplet heating period is eliminated, perhaps
because of the higher average gas phase thermal conductivity in helium compared to air which
would increase gas phase heat transport to the droplet. After the heating period, both nonane and
JP8 showed a time dependent burning rate that was evidenced by nonlinear diameter
progressions in both air and helium (Figures 3a and 3b). We may then conclude that soot
formation is not responsible for nonlinear burning of JP8 because the effect occurred under
conditions where soot formation was significantly reduced (i.e., in helium).

The evolution of flame standoff ratio for JP8 in air is compared to JP8 in helium in figure 3c.
The flame is proportionally farther from the droplet in helium than in air. There are two
influences to consider to explain this trend: helium lowers the flame temperature; and helium
weights the average gas thermal conductivity to a higher value. The data show that the JP8 flame
position is farther from the droplet in helium compared to that in nitrogen. Therefore, the

NASA/CP—2003-212376/REV 1 114



increased gas thermal conductivity overrides the reduction of flame temperature. Figure 4 shows
the evolution of soot shell standoff ratio. It increases with time and tracks with the flame position.
The gap in data after ignition (/Do < 0.25mm?/s) is caused by the delay period of soot formation
where the shell has not yet fully formed.

The three measurements of droplet, flame and soot shell diameters for JP8 and nonane
exhibit distinctly different time dependencies as indicated in Figures 3 and 4. We attempted to
consolidate these data with a suitable nondimensional parameter. Some guidance for this effort
was explored by scaling formulations for the forces acting on soot agglomerates due to Stefan
drag, thermophoresis and diffusiophoresis [Jackson et al. 1992; Ben-dor et a. 2003]. One

D.-D
parameter that worked reasonably well was ———= as a function of scaled time, t/t, where t,

isthe total burning time defined as the time for the flame to disappear. Figure 5 shows the result.
The number of data involved in this scaling are determined essentially by the number of movie
frames where Ds could be reasonably defined. A power-law relationship of the form
D, - D, _C &t g

D.-D t, g
such a correlation for microgravity droplet flames in quiescent conditions is that with knowledge
of the droplet and flame position, the soot shell is determined. The correlation appears reasonable
for droplets in the diameter range investigated. Using it for droplets outside of the range of initial
droplet diameters examined here and for other fuel systems requires further testing.

correlated the measurements with C » 3.47 and n » 0.43. The utility of

CONCLUSIONS

The flame structure and influence of ambient gas on combustion of JP8 droplets showed
trends similar to those found for a single component fuel except for much more soot formation.
The evolution of droplet diameter produced a time dependent burning rate in both helium and air
which showed that soot formation was not likely to be responsible for nonlinear burning. The
flame was farther from the droplet in helium than that in air, showing the dominance of helium
thermal conductivity on increasing the average gas thermal conductivity and heat transfer to the
droplet. Extinction of JP8 was not observed for burning in air but was commonly found for
burning JP8 in an ambience consisting of 30% oxygen and 70% helium.

The measurements of droplet, soot shell and flame diameter were consolidated onto a single
curve using a scaling relationship that will require further investigation for additional fuels and
mixtures to establish the generality of the approach. Sooting tendencies were deduced primarily
by comparing photographic image intensities. Quantitative methods for measuring soot volume
fraction of JP8 and related heavily sooting fuels in microgravity would better establish the
influence of parameters on trends of soot formation.

ACKNOWLEDGMENTS
This study was supported by the National Aeronautics and Space Administration through grant NAG 3-2224.

REFERENCES

Avedisian, C.T., in Physical and Chemical Aspects of Combustion, Gordon and Breach Publ., 135-160 (1997).
Avedisian, C.T. and Callahan, B.J., Proc. Combust. Inst. Vol.28:; 991-997 (2000).

Ben-dor, G., Elperin, T., and Krasovitov, B., Proc. R. Soc. London A 459: 677-703 (2003).

Coordinating Research Council Report No. 530, Coordinating Research Council, Inc., Atlanta, GA, (1983).
Edwards, T. and Maurice, L.Q., J. Prop. Power, Vol. 17, No. 4: 461-466 (2001).

Heneghan, S.P., Zabarnick, S, Balal, D.R., and Harrison, W.E., J. Energy Resources. Tech., Vol. 118: 170-179
(1996).

NASA/CP—2003-212376/REV 1 115



Jackson, G.S., Avedisian, C.T., and Yang, J.C., Int. J. Heat Mass Transfer, Vol. 35, No. 8: 2017-2033 (1992).
Lee K.L., Jensen, K.A., and Choi, M.Y ., Proc. Comb. Inst. Vol. 26: 2397-2404 (1996).

Reid, R.C., Prausnitz, JM. and Poling, B.E., The properties of gases and liquids, Boston, McGraw Hill:
Appendix A (1987).
Shaw, B.D. and Chen, A.G., Microgravity Science and Technology, Vol. X/3: 136-143 (1997).

of - -§eo

C
Figure 1: (a) JP8, latmin air; (b) JP8, latm in 30% O,/70% He; (c) JP8, 3atm in 30% O,/70% He

ey e e e

@

(b)

Figure 2: (a) nonane, low intensity; (b) JP8, low intensity; (c) JP8, high intensity

12

T T 1.2

15

(©

©  Do=0.49mm+-0.00, P8
< Do=0.42mm+-0.01, nonane
X D0=0.51mm+-0.02, nonane

1

> X o 0

T
Do=0.46mm, JP8
Do=0.47mm, JP8
Do=0.48mm, nonane

13

08 b os L
D o
o° =
06 b Q o6f
=} %, 3
3 e
0.4 Q%% b 04+
“en
02 b 02}
<><>
o | | | o
0 0.5 1 15 2 0
tIDGZ [gmn]

(@

Figure 3: (a) evolution of droplet diameter in air; (b) evolution of droplet diameter in 30% O,/70% He; (c) flame
standoff ratiosin air and 30% O,/70% He

3

25

DD
N

15

Figure 4: nondimensional soot shell position in air

©  D0=0.49mm, P8
X D0=0.49mm, JP8

< D0=0.52mm, nonane
| | |

0.5 1 1.5
/D2 [gmn?]

NASA/CP—2003-212376/REV 1

Do=0.49mm, nonane | nr hd um ]
o[ mixture ’ 1
] Q a ]
o 7F 9@ b000%° o ]
| [ <> 7]
5 jg%@o ¢ ©  D0=0.42mm+-0.01, nonanein air -
,@ o Do=0.51mm+-0.02, nonanein ar h|
i ¢ D0=0.49mm, JP8in air
3r X D0=0.48mm+-0.01, nonanein 70He/30Q ]
5 4 D0=0.47mm+-0.01,JP8 in 70He/30Q 7]
! 1 ] T T T I T T S S N Y N Rt
1 15 2 0 0.5 1 15
/D 2 [/mn?] /D2 [¥/mn?]
(b) ()
10 X T
% ©
Xo
x i RS
X <
X aw
o fnng oo
' ®oooga
e
=
e
9:
©  D0=0.55mm, nonane
2 Do0=0.52mm, nonane
©  Do=0.49mm, JP8
X Do=0.49mm, JP8
1 L Il L L L Il L L L Il L L L Il L L L
0 0.2 0.4 0.6 0.8 1
tltb

Figure 5: scaling of droplet, flame and soot shell
diametersin air

116



HIGH-PRESSURE TRANSPORT PROPERTIES OF FLUIDS: THEORY
AND DATA FROM LEVITATED DROPS AT COMBUSTION-RELEVANT
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INTRODUCTION

Although the high pressure multicomponent fluid conservation equations have already been
derived and approximately validated for binary mixtures by this PI, the validation of the
multicomponent theory is hampered by the lack of existing mixing rules for property
calculations. Classical gas dynamics theory can provide property mixing-rules at low pressures
exclusively. While thermal conductivity and viscosity high-pressure mixing rules have been
documented in the literature, there is no such equivalent for the diffusion coefficients and the
thermal diffusion factors.

The primary goal of this investigation is to extend the low pressure mixing rule theory to high
pressures and validate the new theory with experimental data from levitated single drops. The
two properties that will be addressed are the diffusion coefficients and the thermal diffusion
factors. To validate/determine the property calculations, ground-based experiments from
levitated drops are being conducted.

ACCOMPLISHMENTS

During the last year, progress was made theoretically and experimentally, as follows:

1. Theoretical

The theoretical investigation was devoted both to enlarging the modeling of the high-pressure

diffusion coefficients and to developing high-pressure mixing rules.
A. Enlargement of the diffusivity study

Previous high-pressure (p; = O(1)) data was developed in the form of the function wp(p; )
which modifies known low pressure (kinetic theory) diffusivities. The latter requires values of
the empirical normalization factor rp. Some further data for solvent-aromatic solute (benzene,
toluene, naphthalene, cumene) pairs with rp values that are not known have been examined. Data
for the solvent 2,3dimethylbutane [14] show a coincidence of plots of the variable w"*rp wp
versus P; (Fig. 1); this holds for a generic wp if w'*rp = constant, where w is the solute acentric
factor. Other data with CO, as the solvent is also available [1-13]. Since rp for benzene in CO,
has the value 0.90, the inference is made that 001/4rD = 0.61 for aromatics in CO,. This results in
estimates of rp values of 0.85, 0.82 and 0.81 for toluene, naphthalene and cumene in CO,,
respectively. Using these values, plots of wp data are shown in Figs. 2-4 together with wp =1+ dp
and & = 0.10p,”.

B. Multicomponent fluid mixing rules

Generalized transport relations (fluxes in terms of thermodynamic forces) for arbitrary fluid

mixtures at all pressures are best determined through the formalism of nonequilibrium
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thermodynamics or statistical thermodynamics (fluctuation-dissipation theory). Although the
proper forms for these relations are thus found, the transport coefficients themselves (viscosity,
thermal conductivity, etc.) are not thereby determined. The coefficients, including their
appropriate mixing rules, may be formulated for dilute, low-pressure mixtures through kinetic
theory. Thus the conjunction of nonequilibrium thermodynamics and kinetic theory provides a
needed starting point to the formulation of generalized mixing rules for fluid mixtures. The 13-
moment approach to kinetic theory is utilized for this purpose.

r 22
B \v4 Benzene E
B O Toluene 2
1151 O Naphthalene I
: o 18>
o 8 O o
11 r
I v 16
R F
= B O o
<rh01_05_ g O D1.4':—
& r z |
3 - = 12
r O F
1 r
r E
r m @ F O
095 ) 08
[ = I
B 06
RY’) NN M WS RIS W W W R B
M.2 1.3 14 15 1.6 17 1.8 1.9 2 04k
Vc/V '%.4 0506070809 1 1112131415161.71819 2
[
Figure 1 Scaled diffusivities of solutes benzene, toluene
and naphtalene in solvent 2,3dimethylbutane. Figure 2 Scaled diffusivity of toluene in CO2: data and
correlation.
1.6 15
v A
v
A 1.45 V  Ref.4
O Ref. 5
14 O  Ref.7 O

Ref. 1
Ref. 2
> [> Ref. 5
> « Ref.8
Ref.9
> Ref. 11
4 < Ref. 12
O Ref13
—9,=0.1p;

\\\\]\\\\]\D\\\]\\\\I
LONLL LA L L L BB AN S A |

fo YL FWRH WY FAY FRTEI FRUEI FWEY FY ARRTE FRURI FUWEY FWY FRATE FRREI FRUEI P o | 11 R L= A WS WA WA W S
'%.80.9 1111213141516171819 2 21222324 1.2 1.3 14 1.5 1.6 1 2
vV, IV

c

Figure 3 Scaled diffusivity of naphtalene in CO2: data Figure 4 Scaled diffusivity of cumene in CO2: data and
and correlation. correlation.

This approach avoids many of the algebraic complications resulting from the expansions in
inverse density (or mean free path) that are prominent in the Chapman-Enskog procedure.
Substituting the 13-moment transport formulas into the nonequilibrium thermodynamic forms
results in a coupled set of matrix equations that essentially determine the proper mixing rules.
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These equations have been studied and manipulated; reduction to a single matrix equation
that determines the mixture mass diffusion coefficients in terms of binary diffusion coefficients
has been achieved. Then the mixing rules for the mixture thermal diffusion factors (flux cross-
couplings) in terms of binary factors and the mixture thermal conductivity are found to be
explicit in terms of the resulting mixture mass diffusion coefficients.
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2. Experimental

In the previous fiscal year, we built an electrostatic levitation apparatus. A difficult step of the
electrostatic levitation is the deployment of a liquid drop. The original device worked well for
water drops, but failed to deploy alcohol drops because the good wetting characteristics and
small surface tension values of alcohol liquids make the detachment of a drop from the
supporting rods difficult. We therefore needed to redesign the drop deployment device to
overcome this difficulty. During this fiscal year, we assembled a new device and tested it. With
the redesigned device we could levitate both water and ethyl alcohol drops whose diameters were
initially approximately 2 mm. The drops could be charged either negatively (excess electrons) or
positively (excess ions). We could keep the drops levitated as they gradually evaporated. Figure
5 shows a plot of the diameter squared of an ethyl alcohol drop as a function of the elapsed time.
As seen in the figure, evaporation establishes a quasi steady state indicated by the straight line.
The figure also shows the applied voltage which decreases as evaporation proceeds. As the
diameter of the drop decreases but the charge remains constant, the charge density eventually
reaches a limit called the Rayleigh limit. At this limit, some of the charge is discharged from the
drop. In the figure, this happened first at around 32 minutes indicated by a kink in the voltage
curve. When the drop loses the charge, the voltage must be increased to hold the drop at the
same position. This discharge repeated as the drop evaporated further. We also tested the
scheme to create a temperature gradient along the levitation axis. The scheme is to heat the top
electrode and cool the bottom electrode. After waiting for the chamber to reach a steady state, we
measured the temperature using a thermocouple. Figure 6 is a plot of the temperature variation
along the levitation axis. The distance is measured from the surface of the bottom electrode. The
highest temperature represents the temperature of the top electrode. We actually levitated a water
drop, thus confirming that the drop could be levitated in a field where the temperature gradient
was present. The drop was initially levitated at 10 mm from the bottom. Figure 7 shows a
snapshot of the levitated drop.
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We have installed a device which allows us to transport a levitated drop from the initial to
final (supercritical temperature) positions. This procedure is necessary to quickly bring the drop
in a supercritical state. This operation can be accomplished by moving the position of the drop
position monitoring assembly (laser and detector) relative to the electrodes. When the assembly
is moved along the axial direction, the levitated drop follows. We performed a demonstration in
which a water drop was initially levitated at 10 mm from the bottom and then transported to 5
mm from the top electrode. Figure 8 shows a snapshot of the levitated drop at the final position.
A white dot marks the initial position. The wires appear close to the drop, but they actually rest
in the retracted position. If this mechanism is used in combination with the levitation field with
the temperature gradient, we can quickly expose the levitated drop to different temperatures.
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Figure 5 Drop diameter square (circles) and the
applied voltage as a function of the elapsed time.
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Figure 7 Drop levitated in the field with the

temperature gradient.
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Figure 8 Photo showing a water drop transported to
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SOLID INFLAMMABILITY BOUNDARY AT LOW-SPEED (SIBAL)

J. T’ien*#, K. Sacksteder™, P. Ferkul#, R. Pettegrew#, K. Street”, A. Kumar*, K. Tolejko*,
J. Kleinhenz', N.Piltch*
"Case Western Reserve University NASA Glenn Research Center
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This research program is concerned with the effect of low-speed flow on the spreading and
extinction processes over solid fuels. The project has passed the Science Concept Review and
the experiment is currently scheduled to be performed in the ISS Combustion Integrated Rack.
We present an overview of recent and ongoing experimental and theoretical efforts.

(1) Measurement and Evaluation of the Radiative Properties of a Thin Solid Fuel [1]

Surface radiation has a significant role in the combustion of solid fuels. This process
contributes not only to the overall heat loss of the system, but also to the interaction between the
gaseous flame and the solid fuel. Radiative effects are amplified in microgravity flames because
of the decrease of convection. Accurate modeling of combustion systems requires not only the
gas-phase but also the surface radiative properties

Spectrally Resolved Absorptance during burning conditions. Effects of heat treatment
KimWipes .. . . .
1.0 - Unpyrolyzed on spectrally r§solv§d radiative 'propertle.s of thin solid
0.8 . ——3min fuels are described in order to simulate different
g ™ degrees of pyrolysis and to supplement earlier
‘g 0.6 1 spectrally resolved data on virgin fuels. An example of
2 0.4 1 spectral absorptance is shown in Fig. 1. The total
<02 temperature dependence of total emittance of these
0.0 o solids is evaluated assuming the spectral emission data
0 5 10 15 20 25 are independent of temperature. In addition, the total
Wavelength (um) Sy . .
absorptance of the solid is evaluated using simulated

gas phase spectra at a specified flame temperature as
o the incident radiation source. The total emittance and
for  unpyrolyzed Kimwipes and . . .
Kimwipes subjected to 3 minutes heating the total absorptance are found to be quite different in
in a 300 °C oven (area density reduced ~ value. The two effects, the inequality of emittance and
by 60%). absorptance and the temperature dependence of the
total emittance, are manifestations of the non-gray
nature of these solids. This has implications for the flame modeling work, which conventionally
assumes equal and constant values of emittance and absorptance.

(2) Infrared Imaging Diagnostics for Flame Spread over Solid Surfaces [2]

Solid surface temperature measurements are important to solid-fuel flame spreading
experiments. The measured variation of surface temperature distributions have been used to
deduce flame spread rates and pyrolysis lengths, and are a key link between experimental results
and theoretical predictions. Thermocouples or thermocouple arrays have often been used to
obtain histories of temperature at discrete locations on the fuel surface, but such measurements
are intrusive and may alter the local surface temperature, perhaps sufficiently to quench a weak
but otherwise viable flame. Additionally, thermocouple measurements cannot provide the time-

Fig. 1: Specrtally resolved absorptance
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varying two-dimensional temperature distributions that are needed for three-dimensional or
transient flame spread studies.

A non-intrusive alternative is to use radiometric infrared imaging of thermal radiation
emissions from the burning fuel surface. A narrow band pass filter centered at 3.8 um is used to
reject emissions from CO, CO,, and H,O in the flame. Broadband emission from soot cannot be
removed entirely by spectral filtering, but an experimental and algebraic method has been
developed to estimate its contribution to the imaged radiance. A method has also been
developed for determining fuel surface emittance as a function of temperature in the narrow
imaging pass band.

. In [2], the application of infrared imaging to
e | the stgdy of ﬂame' spr.eading is illust.rated using
two distinct fuels in different spreading modes
and environments. One fuel is thin cellulose
/_r;r—ﬁ"’ | tissue that is normally consumed completely in
the flame. The other is a cotton-fiberglass
5 composite from which the cotton is consumed
leaving the fiberglass matrix after the flame
Fig.  2:  Surface  temperature  (non-  hageage. Surface temperature distributions of a

d1men§10nallzed by 100K) of a downwgrd downward spreading flame for the
spreading flame over a 2-cm wide

cotton/fiberglass fabric in 11 psia, 25% 0, cotton/fiberglass fuel obtained with the infrared
atmosphere. imaging method is shown in Fig. 2 using the
spectral emittance at 3.8 um determined in [1].

(3) A Comparison of Extinction Limits and Spreading Rates in Opposed and Concurrent

Spreading Flames over Thin Solids [3]

Flame spread phenomena over thin solids are investigated for purely forced opposing and
concurrent flows. A two-dimensional opposed-flow flame spread model, with flame radiation,
has been formulated and solved numerically. In
opposed the first part of this work, flammability limits and
e spread rates in opposed flow are presented using
oxygen percentage, free stream velocity and flow
entrance length as parameters. The comparison of
the flammability boundaries and spread rate
curves for two different entrance lengths exhibits a
AT crossover phenomenon (Fig.3). Shorter entrance
length results in higher spread rates and lower
oxygen extinction limit in low free-stream flow
velocities; but lower spread rates and higher
oxygen extinction limit in high free-stream
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Fig. 3: Comparison of extinction boundaries of ~ affects the radiation loss and gas residence time in
opposed flow flame spread with concurrent-  an opposing way to cause the crossover. Radiation
flow flame spread also affects the energy balance on the solid surface
and is in part responsible for solid-fuel non-
burnout phenomenon. In the second part of this work, a comparison of flammability limits and
flame spreading rates between opposing and concurrent spreading flames are made; both models
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contain the same assumptions and properties. While the spread rate in concurrent spread
increases linearly with free stream velocity, the spread rate in opposed flow varies with free
stream velocity in a non-monotonic manner, with a peak rate at an intermediate free stream
velocity. At a given free stream velocity, the limiting oxygen limits are lower for concurrent
spread except in the very low free stream velocity regime where spreading flame may be
sustainable in opposed mode and not in concurrent mode (Fig.3). The crossover disappears if
the two spread modes are compared using relative flow velocities with respect to the flames
rather than using free stream velocities with respect to the laboratory as shown in the inset in
Fig.3.

(4) A Computational Study on Flame —Solid Radiation Interaction in Flame Spread over

Solid-Fuel [4

A detailed numerical study has been made on the interaction of gas-phase flame radiation

with a thin solid fuel in flame spread in

7 quiescent microgravity and in normal gravity

65 o NoGmRanes1 19 environments. The computations are performed
6 using a 2-D opposed flow flame spread model
55 in which gravity, solid total emittance (¢) and

total absorptance (o) can be varied as
independent parameters. The radiative transfer
equation is solved using S-N discrete ordinates
method to obtain the gas phase radiation loss to
the ambient and heat feed back to the solid.
Fig. 4 shows that while flame radiation has
only a minor role in downward flame spread in

Flame Spread Rate (cm/s)
w
[$)]

15 normal gravity (see inset), radiation (gaseous
1 and/or surface) plays an important role in the
0.5 micro-gravity flames. Both flame-spread rate
Bl f ] :
00274 6 8 10 12 14 16 18 20 22 24 26 28 30 32 and low oxygen limit or index (LOT) are

Oxygen (%) sensitive to the radiation parameters. For
example, a non-emitting and full absorbing
Fig. 4: Parametric study of flame surface interaction ~ 50lid (€ =0, o = 1) can spread faster than the
in pg self propagating flame. Inset shows equivalent ~ adiabatic case (no radiation). The full emitting
curves for /g flame. and absorbing case (¢ = o =1) will spread faster
than the adiabatic case in high oxygen
environment and slower than the adiabatic case in low oxygen environment. This reversal
phenomenon is due to the shifting relative weight between flame radiation and solid emission.
Flame radiation increases at high oxygen environment due to higher flame temperature while
surface temperature remains little changed.

A computational experiment [5] has been performed to test the assumption of constant
emittance vs. varying emittance as a function of temperature and area density (or degree of
pyrolysis). Fig. 5 shows the solid profiles using the variable emittance obtained in [1] while Fig.
6 shows the results assuming a uniform emittance equals to the value of the unpyrolyzed
Kimwipes at ambient temperature. There are substantial differences between the two results- one
solid burned out with a short pyrolysis length while the other solid does not burn out. These
computations have been carried out in two dimensions. Three dimensional calculations for
opposed-flow flame spread and extinction in mixed buoyant and forced flow is underway [6].
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Introduction

Localized ignition is initiated by an external radiant source at the middle of athin
solid sheet under external slow flow, simulating fire initiation in a spacecraft with a slow
ventilation flow. Ignition behavior, subsequent transition simultaneously to upstream and
downstream flame spread, and flame growth behavior are studied theoretically and
experimentally. There are two transition stages in this study; one is the first transition
from the onset of the ignition to form an initial anchored flame close to the sample
surface, near the ignited area. The second transition is the flame growth stage from the
anchored flame to a steady fire spread state (i.e. no change in flame size or in heat release
rate) or a quasi-steady state, if either exists. Observations of experimental spot ignition
characteristics and of the second transition over a thermally thin paper were made to
determine the effects of external flow velocity’. Both transitions have been studied
theoretically to determine the effects of the confinement by a relatively small test
chamber?, of the ignition configuration (ignition across the sample width vs spot
ignition)®, and of the external flow velocity* on the two transitions over a thermally thin
paper.

This study is currently extending to two new areas, one is to include a
thermoplastic sample such poly(methymethacrylate), PMMA, and the other is to
determine the effects of sample thickness on the transitions. The recent results of these
new studies on the first transition are briefly reported.

Ignition and First Transition over PMMA

Ignition of a PMMA sheet (14 cm long x 10 cm width) was initiated at its middle
by a CO; laser having a total power of about 28 W at the sample surface. The sheet was
mounted in the middle of the test chamber and exposed to a slow external flow of up to
10 cm/s. Therefore, subsequent flame spread from the localized ignition could occur
simultaneously upstream and downstream. There are two flames, one on the irradiated
surface and the other on the backside surface. Two different sheet thickness of 0.2 mm
and 0.4 mm were used. The experiment was conducted in the 10 s drop tower at the Japan
Microgravity Center, JAMIC. Ignition of the PMMA sample was observed shortly after
the start of the laser irradiation on the irradiated surface but subsequent ignition of the
backside surface (non-irradiated side) was significantly delayed. The delay increases with
the thicker sample and lower oxygen concentration as shown in Figure 1. Although the
number of the experiments is rather limited, the results show that the backside ignition
occurs only after the termination of laser irradiation in 21 % oxygen concentration. The
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duration of the laser irradiation could have [ Trope—

significant effects on the backside ignition. ) i
This was demonstrated in the case of the ;

tests with externa velocity of 5 cm/sin 21 . R
% oxygen concentration with two different - -
irradiation times. A 6 s duration did not
ignite the backside within the available test
time of 10 swhile a 3 s duration did ignite
the backside within 1 s after the termination
of irradiation. The behavior of flame during
the first transition to backside ignition and
subsequent anchored flame is shown in
Figure 2. It is curious that it takes severa .
seconds to ignite the backside in 21 % O,  tewfus ¢ | E i sy
concentration, even though there is an open . a
hole through the sample by the laser
irradiation shortly after the onset of the Figure 1. Effects of sample thickness on
front side ignition. After the laser ignition ' dlay time of PMMA in
termination, the flame becomes very small — yicrogravity.  (F-frontside/B-backside)-flow
and moves close to the sample surface and g acity(crmis)-O, concentration.

the open hole. Then, backside ignition

Timwe ta gnitdon (wh

-

-
-
=

Samgde Thicksees (mm)

OCCUrS.
ry In 35 % O, concentration, the
1 flame is brighter than that in 21

% O, concentration and
backside ignition occurs before
the termination of laser
irradiation.  Similar  flame
behavior is also observed with
paper samples in microgravity.
In normal gravity, delayed
backside ignition was observed
with the PMMA samples in air
under the ceiling configuration
(upward  laser  irradiation
normal to a downward facing
sample surface). This curious
behavior of flame during the
first transition will be further
studied. Our numerical
caculation will be used to
understand why such long

Figure 2. Selected edge view video images of flame delay occurs for the backside
behavior over 0.2mm thick PMMA sheet in 21 % O, at  Ignition.

10 cm/s flow from right to left. Laser irradiation normal

to the sample surface from top. (a) 1.13s, (b) 3.16s, (¢)

4.01s, and (d) 7.02s.

{a) ih)

(c) (d)
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Ignition behavior of the PMMA sheet by a CO; laser in zero gravity and also in normal
gravity was numerically calculated. The details of our model and computational scheme
can be found in our previous publication®. The absorption of the incident laser energy by
the degradation products from PMMA is included in our three-dimensional, time-
dependent code. The results of ignition delay time (irradiated side) in quiescent normal
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Figure 3. Ignition delay of PMMA (0.2 Figure 4. Ignition of PMMA(0.2 mm) in
mm) thick in quiescent normal gravity. zero gravity.

gravity are shown in Figure 3 as a function of the sample orientation angle. (The sample
orientation angle of O degree
means a verticaly mounted
configuration and +90 degree
means a horizontal upward f——— . e ——
facing sample.) In this | —— e
calculation, the laser beam = *:—-LE":-"'—i'_f“":"| —'9;" =
irradiates norma to the ! . . I e
sample surface at al angles. | S R AN (R EFTTFE| I L ish Mo trbrul THE e ol
The ignition delay time is the
shortest a the celling
configuration (-90 degree) and
it increases with an increase in
sample orientation angle.
However, from about 20
degree to 60 degree ignition
delay time tends to decrease
with the angle. This decrease
is caused by the ignition
location moving toward the
center of the laser beam. On the other hand, in zero microgravity ignition delay time
increases monotonically with an increase in external flow velocity due to blowing away
the ignition location from the irradiated area. Ignition behavior on the front (irradiated)
surface followed by ignition on the backside surface in zero gravity under an external air
flow of 10 cm/s (from right to left) is shown in Figure 5. The calculated results show the

Figure 5. Ignition of the front PMMA surface (0.2 mm thick)
followed by ignition of the back surface in microgravity.
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flow from the backside to the front side through an open hole generated by the absorption
of the laser beam. This flow is generated by the flame on the front surface and this flow
could have significant effects on ignition of the backside surface. We are currently
studying in detail the transition behavior from the front surface ignition to the ignition of
the backside surface.

Effects of the samplethickness on the transitions.

Our numerical code based on the modified version of the Fire Dynamic
Simulation code is being extended to apply to a sample of any thickness, removing the
thermally thin limitation. For the above results described of PMMA, thermal conduction
in the sample is included but not the transport process of the degradation products in the
sample. However, for a paper sample, transport processes of degradation products and
oxygen, and a convective flux based on the Darcy’s law are included to describe the
transport processes in the porous paper sample using a porosity parameter. Preliminary
results of the first transition from localized ignition to flame spread are shown in Figure

Figure 6. Calculated temperature distribution during the transition from localized ignition to
flame spread over a paper based on two case in microgravity, left: thermally thin case and right:
genera case under external flow of 20 cm/s from right to left. The sample thickness is expanded.

6. For the thermally thin case (includes heat conduction along the sample), flame and
subsequent flame spreading appears simultaneously on both sample surfaces. However,
for the general case, flame appears at first on the irradiated surface and then on the
backside surface with some delay similar to the PMMA case described above. We are
currently conducting parametric study to determine under what conditions the species
transport processes in the sample become important.
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INTRODUCTION

Smoldering is a basic combustion problem that presents a fire risk because it is initiated a low
temperatures and because the reaction can propagate dowly in the materid interior and go undetected
for long periods of time [1]. It yields a higher conversion of fud to toxic compounds than does flaming,
and may undergo a trangtion to flaming. To date there have been a few minor incidents of overheated
and charred cables and eectricd components reported on Space Shuittle flights [2,3]. With the
establishment of the International Space Station, and the planning of a potentid manned misson to
Mars, there has been an increased interest in the study of smoldering in microgravity.

The Microgravity Smoldering Combustion (MSC) experiment is part of a study of the smolder
characterigtics of porous combustible materids in a spacecraft environment. The am of the experiment
is to provide a better fundamentd understanding of the controlling mechanisms of smoldering
combustion under norma- and microgravity conditions. Thisin turn will ad in the prevention and control
of samolder originated fires, both on earth and in gpacecrafts. The microgravity smoldering experiments
have to be conducted in a space-based facility because smoldering is a very dow process and
consequently its study in a microgravity environment requires extended periods of time. The
microgravity experiments reported here were conducted aboard the Space Shuttle. The most recent
tests were conducted during the STS-105 and STS-108 missions. The results of the forward smolder
experiments from these flights are reported here. In forward smolder, the reaction front propagates in
the same direction as the oxidizer flow. The heet released by the heterogeneous oxidation reaction is
transferred ahead of the reaction heating the unrescted fud. The resulting increase of the virgin fud
temperature leads to the onset of the smolder reaction, and propagates through the fudl. The MSC data
are compared with norma gravity data to determine the effect of gravity on smolder.

EXPERIMENTAL HARDWARE AND PROTOCOL

MSC tests were performed in a 21.7 liter combustion chamber. The fud sample conssts of a
polyurethane foam cylinder, 120 mm diameter by 140 mm long. The disc igniter conssts of an
eectricaly heated wire between ceramic discs. The oxidizer supply system provides a congtant oxidizer
meass flow through the foam sample. The fud sample is insrumented with 10 thermocouples which
provide a temperature history of the smolder propagation. In addition to the thermocouples, an
ultrasound imaging system (UIS) congiding of 5 ultrasonic transducer pairs fixed dong the sample is
used to obtain average permeability measurements [4]. The UIS is able to image the location and
veocity of the smolder front. The oxidizer used is air. The ignition is achieved by supplying a congtant
heet flux at the igniter end for 400 s. The overdl assembly integrates into a Get Away Specid Canigter
or GAS-CAN, whichisflown in the Shuttle cargo bay.
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The experiments reported here investigate the dependence of the forward smolder propagation
veocity dong the foam sample on the ar flow. Polyurethane foam was selected as fud because it is
representative of materids commonly used on both earth and space based facilities, its materid
properties are well known, and it maintains its structura integrity upon smoldering. The forward flow
smolder experiments of the STS-105 and STS-108 missons were conducted with a forced oxidizer
flow velocity of 3 mmy/sand 5 mmy/s respectively.

Results

The thermocouples placed dong the foam sample are used to calculate propagation velocity of the
smolder reaction, as well as to provide information about the intensty of the smolder reaction. The UIS
provide permesability data as well as a second method to measure the smolder propagation velocity. This
work presents the first ultrasonic data obtained from a microgravity forward smoldering combustion
experiment.

For both normal- and microgravity experiments, temperature profiles aong the foam centerline are
presented in Fig. 1. and permesability histories are presented in Fig. 2.
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Figure 1. Thermocouple histories for forced air velocity of () 3 mm/sfor microgravity, (b) 3 mm/sfor
normal gravity, (¢) 5 mm/sfor microgravity and (d) 5 mm/sfor normal gravity.

In the 3 mm/s microgravity case, as the foam heats up the thermocouples near the igniter (TC 1 and
2) reach a steady temperature of about 400°C, which is characterigtic of foam oxidation. Thermocouple
2 follows the same pattern but does not reach as high of a temperature. This is indicative of upstream
consumption of oxygen. This is further evidenced with thermocouple 3 that stabilizes at about 320°C
(which is a characteridic temperature for endothermic pyrolyss). As the igniter is turned off a dight
decrease in temperature can be percelved at the surface of the foam. But it is followed past 500 sby a
sudden generation of heat. Temperatures corresponding to the firsd 35 mm of the sample (TC 0-3)
reach about 450°C, which istypical of char oxidation. A weak re-kindling of the reaction is observed on
the temperature traces corresponding to thermocouples 5 and 6 (75 and 95 mm). The temperature
traces show a reaction firgt driven by the igniter and then controlled by energy supply from the char
oxidation in the firg 35 mm of the foam. Char oxidation consumes the oxygen available and the foam
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oxidation fades favoring pyrolyss. Once the char close to the igniter is consumed and the temperature in
this region decreases, oxygen flows again and heat generation can be observed once more between 75
and 95 mm. The reaction is not strong enough to progress through the pyrolyzed fud and eventudly
extinguishes more than 35 mm away from the sample end. Figure 2(a) shows a dramatic increase in
permesbility that coincides in location with the regions where the temperature reached the highest vaue.
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Figure 2. UIS permeability histories for forced air velocity of (a) 3 mm/sfor microgravity, (b) 3 mm/sfor normal
gravity, (c) 5 mm/sfor microgravity and (d) 5 mm/sfor normal gravity.

The 3 mm/s norma gravity case in Fig. 1(b) shows a completely different scenario. The temperature
increases due to the igniter and the first thermocouples reach the same plateau a approximately 400°C.
It is important to note that the temperature increase is dowed down indicating larger losses then in the
microgravity case. Once the plateau is reached the temperature immediately begins to decrease. Peak
temperatures remain within ranges typica of smoldering. Char oxidation has no significant impact on the
temperature traces. After 1000 s the reaction is about 35 mm away from the end of the sample and a
gradud increase in the reaction rate throughout the entire foam follows. This effect is related to the
decrease in pressure drop through the foam that alows an increase in the total contribution of buoyancy
to the supply of oxidizer. An opposed smolder reaction through the char follows (at time grester than
1300 s). A consstent increase in permeability is observed and at each stage of the propagation the
change in permesability is smaler. Past 1000 s the increase in permeability continues showing peaks at
the locations of the secondary opposed smolder reaction.

Similar to the 3 mm/s microgravity case, the 5 mm/s microgravity case shows a reaction fird
controlled by the igniter but leading quickly to a strong secondary char oxidation. This secondary char
oxidation consumes the oxygen supply, but not completdy alowing for a much larger region of
secondary char oxidation. Once this secondary char oxidation has consumed the available fud, the
oxygen supply is able to reach further downstream positions. However, the reaction does not extinguish
like in the 3 mm/s case, since the supply of oxygen is greater in this case, and simulates a strong
rekindling of the smolder reaction which is able to propagete through to the end of the sample.
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Despite the reduced number of experiments, some quantitative data can be obtained. Results for the
smolder propagation velocity and smolder reaction temperature from both the norma gravity and
microgravity tests are presented in Table 1. The results are divided into regions I, I, and Il
corresponding to the region influenced by the igniter, the middle region of the sample, and the region
dominated by end effects, respectively.

Smolder Velocity Smolder Temperature
F"Arffd [mm/s] [°C]

Velocity | Region | Regionll | Regionlll | Regionl | Regionll ]

mmy/s

(MMSl 66 1g 09 [ 1g | 00 19 [0g | 1g| 0y | 1y 0y 1g
3 0.25 0.19 0.15/(0.10 - 0.12 1399 | 396 | 406 | 355 - 361
5 | 040 024 023]0.16|025 022]398|398|428|387 375 406

Region

Table 1. Smolder propagation velocitiesand smolder temperatures from normal and microgravity experiments.

A comparison between the temperature profiles in microgravity and in the norma-gravity case
shows that the char temperaure higtories are dgnificantly different between the two cases. In
microgravity, the reduced heet losses leads to a hotter char, capable of sustaining a secondary char
oxidation reaction but suppressing the smolder reaction through the consumption of the oxygen supply.
In the low flow rate microgravity test, the subsequent smolder reaction is extinguished before
propageting through the sample, whereas in the high flow rate microgravity test the increased oxygen
supply is sufficient to sustain a smolder propageation through the entire sample. The norma-gravity tests
display a markedly different behavior. The increased heat losses in normal-gravity force cooling of the
char, which dlows the forced ar flow to pass through the char without sgnificant consumption of the
oxygen. This permits the smolder reaction to be sustained and propagate through the sample length at
both low and high forced air flow rates.

Concluding Remarks

The present experiments, dthough limited, are unique in that they provide the only avalable
information about forward smolder combustion in microgravity in sample Szes large enough to dlow the
sdf-propagation of the smolder reaction. The experimenta results provide further verification about the
smolder controlling mechanisms, and data for model verification. Currently the data are being used to
verify a numericd mode of smolder propagation. Findly, it should be emphasized that since the present
conclusons are based on only two microgravity tests, it cannot be generdized until further tests are
conducted.
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INTRODUCTION

Flame spread over flat solid fuel beds is a useful means of understanding more complex two-
phase non-premixed spreading flames, such as those that may occur due to accidents in inhabited
buildings and orbiting spacecraft. The role of buoyant convection on flame spread is substantial,
especially for thermally-thick fuels. With suitable assumptions, deRis [1] showed that the spread rate
(Sy is proportional to the buoyant or forced convection velocity (U) and thus suggests that S; is
indeterminate at ug (since S; = U) unless a forced flow is applied. (In contrast, for thermally thin
fuels, the ideal S, is independent of U [1].) The conventional view [2], as supported by computations
and space experiments, is that for quiescent pg conditions, S; must be unsteady and decreasing until
extinction occurs due to radiative losses. However, this view does not consider that radiative transfer to
the fuel surface can enhance flame spread. In recent work [3] we have found evidence that radiative
transfer from the flame itself can lead to steady flame spread at ug over thick fuel beds. Our current
work focuses on refining these experiments and a companion modeling effort toward the goal of a
space flight experiment called Radiative Enhancement Effects on Flame Spread (REEFS) planned for
the International Space Station (ISS) c. 2007.

OPPOSED FLOW EXPERIMENTS AND MODELING

Microgravity experiments on flame spread over thermally-thick fuels were conducted using
foam fuels to obtain low density and thermal conductivity, and thus large spread rate (Sf) over
thermally-thick fuels compared to dense fuels such as PMMA. This scheme enabled meaningful
results to be obtained even in 2.2 second drop tower experiments. After evaluating numerous
candidate materials, we chose open-cell polyphenolic foams primarily because they have lower
sooting tendency and negligible melting or dripping tendency compared to other foams such as
polystyrene or polyurethane. Experiments were conducted in an apparatus consisting of a 20 liter
combustion chamber that was filled with the desired atmosphere by a computer-controlled partial
pressure gas mixing system. The samples are ignited by an electrically heated wire than in turn
ignited a sheet of nitrocellulose. The flames were imaged using CCD cameras whose signals were
connected via fiber-optic cables to ground-based S-VHS video recorders. Both direct video and
interferometry were employed. The igniter was controlled and the radiometer data were collected
by a microcomputer data acquisition and control system.

Figure 1 shows that for CO,-diluted atmospheres the steady values of S; could be higher at pg
than 1g, especially at low O, concentrations, but for N,-diluted atmospheres S¢ was always higher at
lg than pg. At pg, S¢ can actually be higher in CO, than N, at the same O, concentration even
though CO, has a larger Cp and thus yields lower Ty than N, for the same O, concentration. Figure 1
also shows that for CO, diluent the minimum O, concentration supporting combustion is
substantially lower at ug than 1g, whereas for N, the minimum O, concentration is higher at pg. All
of these results show that flames in CO,-diluted atmospheres burn more robustly at pg than Ig
whereas the opposite trend is found for N,. This is likely due to three factors. First, A is larger for
0,-CO, atmospheres (since both the combustion products and ambient atmosphere contain radiant
species, whereas for O,-N, only the combustion products radiate) which increases the heat flux to
the fuel bed and thus S;. Second, without buoyant convection (U = 0), the flame thickness
0,=0,/(U+Sy) is much thicker at pg than at 1g, thus pg flames have more volume and can transfer
more radiation to fuel bed. Interferometer images (not shown) confirm that flames are much thicker
at ug. This effect is more important for lower O, concentrations (thus lower S;) which explains
why the difference between 1g and pg spread rates in O,-CO, atmospheres is larger at lower O,
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concentrations. Third, O,-CO, atmospheres can reabsorb and re-radiate emitted radiation whereas
0,-N, atmospheres cannot, thus substantial radiative heat losses that would otherwise occur at pg
with thick flames in strongly radiating O,-CO, atmospheres are at least partially suppressed.

Figure 2 shows predicted pressure effects on S; [3] for O,-CO, atmospheres at ug. Two
different assumed values of T; are shown. All gas properties are evaluated at the average
temperature (T¢+T,)/2. The model provides reasonable S; estimates except near the low-pressure
extinction limit, where heat losses may dominate, leading to slower than predicted flame spread, and
at high pressure where there may be a transition to nearly opaque conditions. The opacity at high
pressure causes less radiative transfer thus less fuel bed preheating than predicted by our optically-
thin model, which leads to lower S¢ than the optically-thin predictions. (Neither of these effects can
be predicted by the simple optically-thin, loss-free model developed in [3].)

e e ,
10 E Polyphenolic foam ) 3 7 T T T 7 T T
L 3 R i ! []
oy 0.0267 g/cm : 5L
E [ 4 atm total pressure g,..----3 )
\U/ é 3 L e a
() ~ AL 4
5 @ g, CO, £
T T F *--19,C0, 15 ;_ 1 L —e—Expt. (ug, CO, diluent)
g —&—ug, N, 13 08F [ |----- Model (T =1500) |3
) —&—1g,N, |1 0.6 i ——====Model (T = 1800K)
041}
IS AR EPArEN AT RPITATIN IPATITATS AV RTIPAT EAATATS ATArare | | ) ) ) )
20 25 30 35 40 45 50 55 o1 2 3 4 5 6 7
Mole percent O2 Pressure (atm)

Figure 1. Effect of oxygen concentration on Figure 2. Effect of pressure on spread rate over
spread rates over thick solid fuel beds at thick solid fuel beds at microgravity for
microgravity and earth gravity, polyphenolic polyphenolic foam, density: 0.0267 g/cm’,
foam, density: 0.0267 g/cm’, 4 atm pressure 40%0,-60%CO,.

Figures 3a and 3b show the radiative characteristics of flame spread in O,-CO, mixtures at 1g
and pg, respectively. Narrow-angle thermopile-type radiometers mounted 10 cm from the fuel bed
were used to determine radiative emissions from the flames. Three radiometers were used: (1) a
front-side (burning side) radiometer viewing a hole in the fuel bed to measure only the outward gas-
phase radiative loss, (2) another front-side radiometer viewing the fuel surface to measure both the
outward gas-phase and surface radiative fluxes, thus total radiative loss, (3) a back-side radiometer
viewing through the hole to measures the inward gas-phase radiative heat flux, thus the fuel bed
heating due to gas-phase radiation. The only case where the back-side radiometer (which measures
the gas-phase radiant heat flux to the fuel bed) shows comparable intensity and timing with two
front radiometers is for the O,-CO, atmosphere at pg (Fig. 3b). This is likely because only in this
case is there substantial emission, absorption and re-emission, which is the only means to obtain
substantial radiative flux to the rear-side radiometer. 0,-N, atmospheres (not shown) do not show
this behavior at all, and even for O,-CO, atmospheres this is seen only at pg (Fig. 3b) where the
flame thickness is larger and thus the total radiative flux is greater. Note also that the gas-phase
radiative loss ("Front, gas only" curves) at pg is actually lower for O,-CO, than O,-N, atmospheres
due to reabsorption by the ambient atmosphere for O,-CO,. At 1g, (Fig. 3a) the surface radiation is
much larger than gas-phase radiation due to the decreased flame thickness thus decreased volume of
radiating gas at 1g. These results confirm our hypotheses concerning radiative transfer effects on pg
flame spread, in particular that (1) radiative preheating of the fuel bed by the gas is significant in
radiatively-active atmospheres at pg, (2) reabsorption effects can prevent massive heat losses (thus
extinction) in radiatively-active atmospheres at pug and (3) these effects are less important at 1g due
to substantial U caused by buoyancy which leads to smaller flame thicknesses thus less volume of
radiating gas.
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Figure 4. Effect of oxygen concentration on Figure 5.  Predicted combined effects of
spread rates over thick solid fuel beds at ug and convection and radiation on flame spread
earth gravity — comparison of CO, and helium as rates over thick solid fuel beds

a fire extinguishing agent.

Several tests were conducted using He diluent at 4 atm (Fig. 4). It was found that He- and CO,-
diluted atmospheres exhibit nearly the same Sy, for a given O, mole fraction even though CO, has a
mole-based Cp at 300K that is 1.8 times higher than He, and at 2000K is 3.9 times higher. Also, He
has a thermal conductivity (A,) 9.4 times higher than CO,. Both of these factors should lead to
higher Ty and S in He than in éOz-diluted atmospheres at the same O, concentration. Furthermore,
at 1g the minimum O, mole fraction supporting combustion was nearly the same (30%) in He and
CO,-diluted atmospheres whereas at pg the minimum O, mole fraction was much higher for He
(35%) than CO, (27%). There are at least three reasons for the observed behavior. First, the Lewis
number of O, in He is much higher than O, in CO, (=1.20 vs. =0.84), which leads to lower spread
rates for He [4]. Second, the higher A, and a, of He leads to thicker flames and thus greater
radiative loss for the same S; since the heat loss per unit volume depends only on the radiating
combustion products whose concentrations are not significantly different (at fixed ambient O,
concentration) from O,-CO, atmospheres. Third, unlike CO,, He is radiatively non-participating
and thus no reabsorption or re-emission occurs. Consequently, we conclude that He may be a
superior inerting agent at pug on several bases. First, at ug He is more effective than CO, on a mole
basis (thus pressure times storage volume basis), meaning that the size and weight of storage bottles
would be smaller for the same fire-fighting capability. Second, He is much more effective on a mass
basis (by about 11x) at pug. Third, He has no physiological activity, unlike CO, which affects human
respiration. These results are relevant to fire safety in manned spacecraft, particularly the
International Space Station that uses CO, fire extinguishers.

A model was developed that included the combined effects of convection and radiation on flame
spread rates over thick solid fuel beds. Figure 5 shows model predictions in terms of the thick-fuel
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flame spread parameter I' and the opposed forced flow velocity U referenced to a characteristic
radiative velocity U,,4. It can be seen that there is an intermediate velocity U that minimizes the
spread rate. At high U the classical thick-fuel behavior predicted by deRis is observed and at
sufficiently low U, the spread rate becomes independent of U (the radiation-dominated regime).
Note that in the high-U limit, S; is proportional to 1/I" whereas at low U, the effect of I' is much
weaker.

CONCURRENT FLOW RESULTS AT EARTH GRAVITY

Buoyancy-driven upward flame spread over thermally thick fuels is of great practical
importance because it is a paradigm for the main mechanism of fire spread in most building fires.
Previously a model for upward flame spread over thermally-thin fuels, including the effects of
transverse heat and momentum losses to the sides of the fuel samples and surface radiative losses
was developed. Such losses were necessary to yield steady flame lengths and spread rates and with
such losses, model predictions were found to agree well with experiments [5]. Recently we
conducted analogous experiments using low-density but thermally-thick foam fuels, but instead of
steady spread, these tests yielded, for reasons still not clear to us, unsteady behavior due to a
“jumping” mode of flame spread. These behaviors were found to occur for a wide range of fuel
types, pressures, oxygen mole fractions and sample widths and were found not only near extinction
limit but also far from the limit conditions. The spatial and temporal intervals of hopping were very
regular for moderately narrow samples, whereas wider samples exhibited an unsteady “walking” or
“ratcheting” mode and flames ignited on narrower samples extinguished. For thermally-thin fuels
similar behavior was found but only near extinction limits. Figure 6 shows a sequence of images
illustrating the “jumping” behavior for a narrow sample. Fig. 7 shows the corresponding temporal
history of the leading and trailing edges of the flame. It can be seen that the leading edge progresses
at a relatively constant rate as if a “source” of flame length, with the trailing edge pausing then
“jumping” to catch up. Current work is focused on determine the mechanism(s) responsible for this
unusual behavior.
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Low Stretch Solid-Fuel Flame Transient Response to a Step Change in Gravity
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Abstract

The effect of a step change in gravity level on the stability of low stretch diffusion flames over a solid fuel
is studied both numerically and experimentally. Drop tower experiments have been conducted in NASA Glenn
Research Center’s 5.2 Zero Gravity Facility. In the experiments burning PMMA cylinders, a dynamic transition is
observed when the steadily burning 1g flame is dropped and becomes a 0g flame. To understand the physics behind
this dynamic transition, a transient stagnation point model has been developed which includes gas-phase radiation
and solid phase coupling to describe this dynamic process. In this paper, the experimental results are compared with
the model predictions. Both model and experiment show that the interior of the solid phase does not have time to
change significantly in the few seconds of drop time, so the experimental results are pseudo-steady in the gas-phase,
but the solid is inherently unsteady over long time scales. The model is also used to examine the importance of
fractional heat losses on extinction, which clearly demonstrates that as the feedback from the flame decreases, the
importance of the ongoing heat losses becomes greater, and extinction is observed when these losses represent 80%
or more of the flame feedback.

Introduction

The stagnation point diffusion flame geometry is ideal for studying the complex coupling between the gas
phase flame and the solid fuel. Previous research has utilized this geometry for steady-state flame studies '™,
adding first surface radiative loss, buoyancy-induced stretch, solid-phase conductive loss, and gas-phase radiative
loss. All of these features are included in this work, with the addition of both transient gas and solid phases.

Low stretch diffusion flame experiments (and steady modeling) have been conducted using gaseous burners
in drop towers ), but the coupling between gas and solid is not present in these experiments, so they do not capture
important aspects of burning solids. In addition, no discussion of the normal to microgravity flame transition was
provided for the “quasi-steady” test conditions which ignited in normal gravity, dropped into microgravity, then
changed the fuel flow rate during the drop. Low stretch buoyant flame experiments have been conducted that use
large scaling to obtain low stretch in normal gravity!”*]. The results of those tests show that flame standoff distance
grows as flame stretch is reduced, and that the flame temperature reaches a maximum at stretch rates of 6-7 s, In
addition, the surface energy balance was shown to capture the increasing the fraction of heat feedback from the
flame that is lost through radiation and conduction into the solid as stretch rate is reduced until extinction occurs.

Numerical Model

A transient two-phase numerical model with single step finite rate kinetics and temperature-dependent
solid-phase properties has been developed to predict the transition behavior seen in drop tower experiments as well
as to better understand the gas-solid coupling and time scales to reach steady-state after a change in gas-phase
conditions ) . The unsteady gas phase is modeled using a mixed-convection stagnation point flow below a
cylinder'”. Gas-phase radiation (CO, and H,O only) is accounted for using a two-flux model using a calibrated
absorption coefficient®” A one-dimensional transient solid model with surface radiative loss and fuel regression is
used to describe the solid, with the surface energy balance coupling the two phases. The coupling between the gas-
phase and solid-phase models was done in dimensional terms because the step change in stretch rate changes the
gas-phase scaling. The physical location of the gas-phase grid is held constant throughout the computation, and the
grid spacing definition is converted to account for the change in scaling at the start of the drop. In the computations,
a steady normal gravity mixed convection flame is used for the initial conditions. The sample thickness was fixed in
each case to be 3.125mm, which is similar to that obtained in the experiments after ignition and stabilization prior to
the drop test. The forced flow part of the stretch rate remains fixed throughout the computation, but when the drop
occurs, gravity goes to zero, eliminating the buoyancy-driven component of stretch. The flow decays to a purely
forced stretch rate, as will be described in the results section.

* sandra.olson@grc.nasa.gov, " now working at Analex Corporation
7™ International Workshop on Microgravity Combustion and Chemically Reacting Systems
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Experiment Description

Microgravity drop tower experiments
were conducted in the 5.18 second Zero Gravity
Facility at NASA Glenn Research Center”.

The experiments were conducted in a droppable
wind tunnel'”, that provides air flow from 0-20
cn/s through the 20 cm diameter test section.
The sample holder consists of the cast PMMA
fuel sample tube, 3.8 cm in diameter, 15 cm
long, ~4mm initial wall thickness, mounted
hanging from a cross-beam support. A thin
kapton tape heater is mounted between the inner
wall of the fuel tube and the hollow copper core,
which carries cooling water to the apparatus.
Between the heater and the cooling water, the
backside temperature of the fuel can be adjusted
prior to ignition to control in-depth heat loss.

During an experiment, the fuel is heated
to a specified temperature (<150°C), and then
the flow is started. Uniform ignition of the
PMMA is achieved, and then the experiment is
then dropped. The primary variables in the
experiments were the forced stretch rate and the
gravity level. The gravity level changed from
Earth-normal, or 1g, to Og during each drop. In
normal gravity, the mixed stretch rate was =
20s™'. The forced stretch rate was varied
between tests from 3-20 s™', but the set value
was held constant during the drop.

Results
Flame Standoff Distance

When the experiment is dropped, and
the gravity step changes from normal gravity
to zero gravity, the flame responds rapidly and
non-monotically to the change in stretch rate.
As shown in Fig. 1, at the drop start, the flame
expands away from the fuel surface as the fuel
vapor Stefan flow reaches further from the
surface before encountering oxygen in the
weakening stretch’”. A maximum standoff
distance is reached within a fraction of a
second, and then the flame more slowly moves
back toward the surface.

Figure 2 shows the measured
experimental standoff distance and the model’s
predicted standoff as a function of time during
the drop. In the experiment, the standoff is
defined as the distance from the fuel surface to

Figure 1: Sequence of images from drop. Initial 1g steady
luminous flame with distinct blue outer flame, followed by
sooty, pustular transition flame which evolves during the
drop to a smooth blue 0g flame at a stretch rate of 5 5™
Sequence is side view of burning cylinder.

Flame Standoff Distance: Af =5 1/5
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Figure 2: Experimental and computed flame standoff
distances for a 1g flame transitioning to a Og flame at a final
stretch rate of 5 s™'. Notice the overshoot in standoff distance
at the drop start and the increase in flame standoff distance as
stretch rate is reduced.

the outermost visible part of the flame. In the simulations, the standoff distance is defined as the distance from the
fuel surface to the location of the maximum flame temperature. Thus it is expected that the predicted standoff is less
than the measured standoff distance. As shown in Figure 2, this is indeed the case. The model does a good job of
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capturing the transient behavior of the experimental flame, with the overshoot in the standoff distance predicted to
occur within the first second of the drop, with a slower recovery to a larger standoff distance at the lower stretch rate
in 0g. The experimental time to peak standoff distance appears to be consistent with the gas-phase relaxation time,
estimated to be the inverse of the final stretch rate. The model predicts that the time to peak standoff distance is
shorter than this estimate by a factor of two. The larger overshoot seen in the experiments is attributed to the vapor
jetting from the bubble layer at the surface, which gives the transition flame its pustular appearance!®. The simple
solid-phase model does not include bubble layer effects and uses extrapolated properties at the highest temperatures,
which may not be accurate for the molten viscous PMMA!"! | Lastly, the model does not account for the significant
soot formation seen in the experiments. There is a second characteristic time noted in this work, which is the
relaxation time to steady-state standoff distance under the new low gravity stretch conditions. The model predicts
that the standoff distance stabilizes by approximately one second, whereas in the experiments, especially at lower
stretch, the flame does not reach a steady standoff in the 5.2 s drop time.  This is attributed to the solid-phase
response.

Surface Temperature

Figure 3 shows the surface temperature measured in the experiment compared with the predicted surface
temperature from the transient model. ~ After the drop, the experiment shows a much longer transient which is still
in the process of asymptoting to a lower surface temperature than the theory predicts. The transition to a steady
temperature takes much longer than is predicted by the model, which is consistent with the slow transition noted
above for the steady-state standoff distance. During a 5.18 s drop tower experiment, a thermal wave will penetrate
only Leop = (ot)"* = 0.07 cm, less than 20% of the way through the sample. For any reasonable change in flame
strength, clearly the flame at the end of
the drop time will not have reached
steady-state. The experimental 200
temperature changes varied from 15-50K, Test X-8-14 —
with larger drops in temperature Model
corresponding to lower stretch rate. This 680
change is a significant change in
Arrhenius fuel vaporization rate. Since
the experimental temperatures remain
higher for longer, the fuel vaporization
rate will also remain higher for longer,
resulting in a slower transition to a stable
flame standoff distance.

Front Fuel Surface Temperature: Af =5 1/s
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Surface Energy Balance

The surface energy balance (Eqn. 600 L ‘ ‘ ‘ ‘ ‘ ‘ )

1) is used to evaluate the coupling 2 -1 0 1 2 3 4 5
between .tl.1e gas and solid phases during Time After Drop (s)

the transition process. The surface energy i ) i

balance includes conduction from the Figure 3: A surface temperature comparison between the experiment and
flame. radiation from the flame zone. in- the model. The surface temperature does not overshoot. Rather, the model
depth conduction, energy needed to shows a rapid decay in surface temperature. The experiments show a
vaporize the fuel, and surface radiation to snmlaar but more gradual (éecay.

the environment. The left side represents T T .

the net heat flux from the gas to the ;Lg ox ¢ Y raae = ﬂ”s ox'* +mL+q,, . Egn(1)

surface. Each term can be evaluated as a
function of time using predicted burning rate data and temperature measurements (gas and solid-phase).

The gas conduction to the solid drops dramatically at the start of the drop, due to increase in flame standoff
distance. The gas-phase radiation, (CO, and H,O only), increases slightly during the transition but returns to almost
the same value after a few seconds. As was shown in Fig. 2, because of the drop in the flame feedback via
conduction, the surface temperature drops. Because of this drop, the surface radiation drops slightly. The in-depth
conduction loss also drops during transition before rebounding to nearly the same levels, as the in-depth solid
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gradients take time to react to the reduced
surface temperature. The most dramatic
effect of the reduced flame feedback is in the ‘ \ ‘ ‘
pyrolysis rate. Burning rates are significantly — a=3s"
lower at low stretch U, . Tiiia=5s

08 -
To determine overall trends, the 0.7 /:_—'f ........... .
7
F

terms of the surface balance are compared as

Non-Dimensional Surface Balance Parameters

ratios. The ratio Feuitization, 1S the fraction of % 0.6 .

gas-to-surface net heat flux used to vaporize & 0.5 sk

more fuel, and the other ratio, Fj, is the 0.4 F eui

fraction of gas-to-surface net heat flux that is

lost to the solid interior and radiated from the 03 e CE L T

surface. In this way, FjosstFreuitization=1- 0.?0‘ 5 5 05 | | |
These two ratios are plotted as a Time After Drop (l) 15 2

function of time in Figure 4 for an extinction ) o ) ) )

case and a stable flame case. The model Figure 4: Loss and Reutilization Ratios as a function of time

predicts that the surface energy balance during a drop. At a stretch rate of 3 s™', the flame extinguishes,

-1 .
changes abruptly after the start of the drop. whereas as 5 5™, the flame is steady.

At a stretch rate of 3 s, the flame

extinguishes as the Fos exceeds 0.8. At a stretch rate of 5's ', the losses asymptote to a maximum of 0.75 within a
few seconds, but hold steady there. In the extinction case, the net heat flux denominator in the ratio becomes too
small, whereas the losses reflected in the numerator change only slightly prior to extinction. The primary difference
in the two cases is the gas-phase conductive feedback, which is 1.5 W/m® for 5 s ', whereas it is only 1.2 W/m? for 3
s "' prior to extinction. Thus extinction is attributable to insufficient heat feedback to the surface under low stretch
conditions to compensate for existing heat losses.  The model predictions thus agree very well with previous
experimental results " at the 1D flame extinction limits.

1

Conclusions

The effect of a step change in gravity level on the stability of low stretch diffusion flames over a solid fuel
is studied both numerically and experimentally. Both model and experiment show a rapid overshoot in flame
standoff distance due to the rapid reduction in stretch rate while fuel blowing changes more slowly. Both model and
experiment show that the interior of the solid phase does not have time to change significantly in the few seconds of
drop time, so the experimental results are pseudo-steady in the gas-phase, but the solid is inherently unsteady over
long time scales. The model is also used to examine the importance of fractional heat losses on extinction, which
clearly demonstrates that as the feedback from the flame decreases, the importance of the ongoing heat losses
becomes greater, and extinction is observed when these losses represent 80% or more of the flame feedback.
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UPWARD AND DOWNWARD FLAME SPREADING AND EXTINCTION
IN PARTIAL GRAVITY ENVIRONMENTS
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loan I. Feier, Amit Kumar and James S. T’ien
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INTRODUCTION

The premise of this research effort has been to begin exploring the gap in the literature
between studies of material flammability and flame spread phenomena in normal-gravity and
those conducted in the microgravity environment, with or without forced flows. From a
fundamental point of view, flame spreading in upward (concurrent) buoyant flow is considerably
different from concurrent forced flow. The flow accelerates throughout the length of the buoyant
flame bringing the streamlines and the flame closer to the fuel surface and strengthening the
interaction between the flame and fuel. Forced flows are diverted around the flame and away
from the fuel surface, except where the flow might be constrained by a finite duct. The
differences may be most clearly felt as the atmospheric conditions, viz. pressure or oxygen
content, approach the flammability limit. From a more practical point of view, flame spreading
and material flammability behavior have not been studied under the partial gravity conditions
that are the natural state in space exploration destinations such as the Moon and Mars. This
effort constitutes the beginning of the research needed to engineer fire safety provisions for such
future missions.

In this program we have performed partial-gravity experiments (from 0.1 to 1 9/Qeartn)
considering both upward and downward flame spread over thin solid fuels aboard the NASA KC-
135 aircraft. In those tests, the atmospheric pressure and the fuel sample width were varied.
Steady flame spread rates and approximate extinction boundaries were determined. Flame images
were recorded using video cameras and two-dimensional fuel surface temperature distributions
were determined using an IR camera. These results are available in [1 — 3], and complement our
earlier work in downward spread in partial gravity varying oxygen content [4].

In conjunction with the experiment, three-dimensional models of flame spreading in buoyant
flow have been developed. Some of the computed results on upward spreading have been
presented in [3]. A derivative three-dimensional model of downward spreading has been
developed [5]. It is currently being used to evaluate the standard limiting oxygen index (LOI)
measuring device and its potential performance in different gravity levels.

Since radiation plays an important role in flames at low gravity, considerable effort has been
spent on flame and surface radiation on spreading flames. A theoretical study using a two-
dimensional model with gas-phase radiation compared flame spread in concurrent and opposed
flows and clarified a number of questions in low-speed flows. In forced flow, concurrent flame
spread rate is approximately proportional to upstream velocity (similar to the gravity dependence
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in buoyant case) but opposed flame spread rate is non-monotonic. While at most forced flow
velocities, spread rates are generally higher in concurrent flow than in opposed flow, the curves
can cross at very low forced velocity. However, the lowest flammable oxygen percentage is
always in the concurrent flow case. [6]

In this paper we wish to show a comparison of upward and downward flame spread in partial
gravity tests, show some numerical simulation results from opposed flow spreading in mixed
convection flow and indicate some conclusions with respect to flame spread behavior in the
partial gravity environment.

EXPERIMENTS

Upward and downward flame spreading was observed in reduced-pressure air environments
in normal-gravity and in partial-gravity environments using the GIFFTS test apparatus [1-4] with
slight modifications. Fuel samples were a thin cellulosic tissue, trade name “Kimwipes.” A
repeatable pre-test sample-drying procedure was developed using a hot-air gun. Test pressures
between 0.2-0.4 atmospheres were established using primary standard, precision mixtures of
21% Oy, balance N,. Flight tests were performed onboard the NASA KC-135 aircraft providing
partial-gravity environments of 0.1, 0.16, and 0.38 g/Qearn. Limited tests were conducted at
greater than 1.0 g/geartn. Chamber pressure and 3-axis accelerations were recorded by the
GIFFTS computer. Conventional video and a FSI Inc. Prism DS infra-red camera with a flame
filter at 3.8um (to reject emissions from excited H,O, CO;) were used to image the solid surface.
The IR camera signal is calibrated to a black body emission; quantitative temperature
measurements require the surface emissivity properties within the filter pass band. We have
been developing methods for determining
surface emittance from a burning surface [7, 8].

Figure 1 shows an example of flame spread
rates versus the local gravity level for 2 cm
wide Kimwipes burning in air at a reduced
pressure of 27.6 kPa. The upward burning
spread rate varied linearly with gravity level for
all pressure environments and sample widths
tested (the inset shows data or 1 cm sample
width), which has been predicted in scaling
analysis [9]. The primary heat transfer
mechanism for upward spread is buoyant
convection, which increases with gravity. The
measured pyrolysis lengths also increase
proportionally  with  gravity. The three
dimensional model predicts nearly linear 0.1 2 B s SEE o 2 4o
spread rate dependence on gravity, as shown, Local Acceleration g/gg_ 4,
for example, by the open symbols in the figure.  Figure 1. Upward and downward flame spread rates for

The downward spread rate iS non- 2 cm wide samples burned in 27.6 kPa (4.0 psia) air at
monotonic and peaks near the Martian gravity various gravity levels. Upward pointing symbols
levels of 0.38 g/gEarth. The reductions from the indicate upward spread; downward _poi_nting symbols,
peak are attributed to finite kinetic effects: a downward spread. Open symbols indicate results of

) . ] ) numerical simulations of flame spread. The inset shows
short residence time at high gravity, and resyits for 1 cm wide samples.
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radiative loss at low gravity. This spread rate CT ET & T ¢ ' =T 7
behavior is qualitatively similar to composite
observations of forced flow spreading. Here a
single fuel, test apparatus and testing
environment  provide an  unambiguous
demonstration of the behavior.

Within the gravity levels tested, the upward
spread rates are everywhere larger than the
downward rates. If the upward and downward
spread rates were extrapolated to lower gravity
levels, a merging or crossover would occur.
While this possibility has not been confirmed
by experiment, the forced flow analog has been
predicted [6]. fla g 60 908 080 Fu5 1§

Figure 2 shows flammability boundaries for 00 02 04 06 08 10 12 14 16
flame spreading upward or downward over 2 Local Acceleration g/gg+
cm wide Kimwipes burning in air. Elevated _. - .

. A Figure 2. Flammability boundaries for upward and
gravity levels (>19/geawn) were obtained by downward spreading flames over 2 cm wide samples.
testing during the aircraft pull-up maneuver. Open and closed symbols indicate flammable and non-
The downward spreading boundary is U-shaped flammable conditions respectively. ~Crosses indicate
showing the dual extinction limits (insufficient observed extinc_tions occur(ing well after ignition.
residence time in high g, radiative loss in low DPoWnward pointing symbols indicate downward spread,

. . . upward pointing indicates upward spread.
g) now predicted by several diffusion flame
models.

The upward spreading case has a wider flammable domain that the downward case. In the
upward case, tests at elevated gravity were not feasible in the current apparatus because of size
limitations. The flammable domain shrinks as the sample width is reduced from 2 cm to 1 cm as
expected. For both the concurrent flow (upward spread) and opposed flow (downward spread)
cases, the stabilization of the flame, and therefore the flammability of the material, is established
at the base of the flame where it first encounters the fresh oxidizer flow. In the upward case the
flame is stabilized where the fuel burnout occurs while in the downward case the flame is
stabilized where the fuel is preheated to the pyrolysis temperature. Differing thermal demands on
the flame stabilization zone lead to different limiting conditions.
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THREE-DIMENSIONAL MODELING OF DOWNWARD SPREADING FLAMES

In additional to the 3-D model of steady upward spreading flames, 3-D downward spread in a
mixed forced and buoyant flow was recently simulated numerically for a flow in a duct that
resembles the standard limiting oxygen index (LOI) apparatus [5]. In this study, the limiting
oxygen mole fractions were determined as functions of sample width, tunnel width, sample
holder configuration, forced velocity and gravity level. A cotton fiberglass composite fuel was
simulated. The detailed flame structure and the flow field in the duct were resolved. Fig. 3
shows a computed LOI as a function of forced flow velocity at normal and zero gravity. The
normal gravity boundary is monotonic with respect to the forced velocity while the LOI at zero
gravity is non-monotonic and has a minimum around 5 cm/s. The LOI at normal gravity are
higher than those at zero gravity for the range of forced velocity computed.
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Figure 3. Limiting Oxygen Index (LOI) prediction for

5 cotton/ fiberglass fuel in a mixed-convection environ-

24 ment, computed using a three dimensional model with as-
3F 19 yet uncalibrated kinetic constants. Fuel samples are 5 cm
ol wide by 15 cm long burning in a vertical flow tunnel with

a 10cm by 10cm cross section and 50 cm length. The
flame location is fixed at the middle of the tunnel. A
uniform forced flow is introduced from the tunnel

21F
20F

o bottom. The upper end of the tunnel is open to 21% air.
18 The sample has inert side stripes 6 mm wide on each
17E side. The symbols are the computed LOI. The last point
16F ! in the 1g data (i.e. at 0.5 cm/s) is affected by the flow

entrained from the atmosphere at the top of the tunnel.

15 0g ‘
b M The dotted line in the zero-gravity result is what we

N L expect from future computations at lower velocities
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CONCLUSIONS

This exploratory study of flame spreading and material flammability in partial gravity

environments provides some practical results that require further study. Upward flame spread
rates are proportional to gravity level, the downward case is non-monotonic. Over the partial
gravity range accessible to testing, flames spread more quickly in the upward than the downward
direction, and the flammable domain of upward spreading is wider than for downward spreading.
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ANALYSISOF MSL-1 MEASUREMENTS
OF HEPTANE DROPLET COMBUSTION

Malissa Ackerman and Forman Williams
Center for Energy Research, Mechanical and Aerospace Eng., Univ. of California, San Diego

Introduction

A droplet combustion experiment (DCE) was performed on the MSL-1 mission of the Space
Shuttle Columbia. There were two flights of this mission—STS-83 in April of 1997 and STS-94
in July of 1997. The reflight occurred because a fuel-cell power problem onboard the shuttle
forced an early termination of the first flight; this was the only shuttle mission to be flown twice.
DCE data were obtained during both flights. A fiber-supported droplet combustion (FSDC)
experiment also was run on STS-94. This smaller “glovebox” experiment, which investigated
the combustion of fiber-supported droplets in Spacelab cabin air, had previously flown on the
first United States Microgravity Laboratory (USML-1) mission of STS-73, but successful
measurements with heptane as the fuel in this experiment were first obtained on STS-94.
Although heptane droplet combustion in convective flow also was studied on STS-94, only data
without forced convection are considered here. The objective of the present paper is to analyze
the results on heptane droplet combustion in quiescent atmospheres.
Data Analysis

A PC-based image-analysis system [1] was used to measure droplet and flame diameters

as functions of time. Reduction of some of the data from STS-83 was reported previously [2].
In the present work, two approaches to reducing flame-diameter and droplet-diameter data were
employed. One involved graphically exhibiting raw data extracted from the image-analysis
system, and the other involved smoothing with a second-degree Loess smoother [3] in the
statistical software package S-Plus. Full details of the data analysis, these reduction techniques
and various characteristics of the resulting procedures that dictated selection of the methods
adopted will be available elsewhere [4] and can be obtained now by contacting the authors.
Results

Results are reported in full elsewhere [4]; there were 34 DCE tests in helium-oxygen
atmospheres and 4 in air, 2 fiber-supported. Figure 1 shows raw data on droplet diameters for
the 15 FSDC tests, while for comparison Fig. 2 shows smoothed data on both droplet and flame
diameters for the DCE tests in one particular atmosphere. Here solid curves are for the flames
and dashed curves for the droplets, error bars indicate maximum scatter, a large dot signifies
flame extinction and D means that the image drifted out of the field of view. Figure 2 clearly
shows diffusive extinction for the small droplets and radiative extinction for the larger droplets.
Results are discussed first in terms of extinction diameters and next in terms of burning rates.
Extinction Diameters

When diffusive extinction occurs, droplet diameters at extinction are very small, usually too
small to be measured and quite possibly often zero. For seven DCE experiments it was found
that diameters at extinction are too small to be measured, that is, less than a limit of resolution
between about 0.05 mm and 0.5 mm, depending on the experiment. Only three experiments
have measurable droplet extinction diameters for diffusive extinction, two of which are shown in
Fig. 3, the third being similar but in a different atmosphere. On the other hand, for radiative
extinction, the droplet extinction diameters are much more readily determined. Four such
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Figure 1: Raw data for the fifteen FSDC tests analyzed Figure 2: Smoothed graph for 1.00 bar, 25 % oxygen
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Figure 3: Droplet diameter at extinction
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droplet diameters at extinction were obtained and are also plotted in Fig. 3, identified by the
symbol R.

From the data in Fig. 3 for 1.00 bar and 25% oxygen, through which the curve is drawn, it is
seen that in this atmosphere the droplet extinction diameter increases with increasing initial
droplet diameter. This trend is consistent with theoretical estimates for radiative extinction. For
diffusive extinction with the flame in the quasisteady region, if the liquid fuel remains pure then
the droplet diameter at extinction theoretically is independent of the initial droplet diameter [5];
the available data are insufficient to test this prediction. Although no significant functional
dependences for diffusive extinction could be measured, trends were obtained for radiative
extinction. The point at 1.00 bar and 30% oxygen in Fig. 3 suggests a decrease in the droplet
radiative extinction diameter with increasing oxygen concentration at a given pressure and initial
droplet diameter, while that at 0.50 bar and 25% oxygen indicates an increase in the droplet
radiative extinction diameter with decreasing pressure at a given oxygen mole fraction and initial
droplet diameter. Both of these trends are expected from the dependence of the reaction rate on
pressure and oxygen concentration.

In contrast to droplet diameters at extinction, substantial data were acquired on flame
diameters at extinction in helium-oxygen atmospheres. Indications are that flames always
extinguish at flame diameters large enough to be measured. Since fewer theoretical predictions
have been made of these flame extinction diameters (final flame diameters), additional
theoretical work is needed for making comparisons with the present experimental results, which
are partially plotted in Fig. 4 and discussed elsewhere [4] (because of insufficient space here).

It is of interest to exhibit graphically the boundary between radiative and diffusive extinction,
in a plane of oxygen mole fraction and initial droplet diameter for different pressures, as
determined by these experiments. Figure 5 is such a plot, with the open symbols corresponding
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Figure 5: Boudary between radiant and diffusive extinction Figure 6: Burning rate comparison
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to observations of diffusive extinction and the closed symbols correspond to radiative extinction.
Figure 5 shows that, although there is considerable uncertainty about exactly where the boundary
lies, the general direction and curvature of the boundary between the two regimes seems well
defined. The error bars indicate the range of uncertainty of the boundary location at 1.00 bar;
data are insufficient to distinguish differences in boundary locations at 1.00 bar and 0.50 bar.
Burning Rates

A summary graph of burning-rate constants as functions of initial droplet diameter is shown
as Fig. 6. In this figure the solid curves pertain to helium-oxygen atmospheres at 1.00 bar, the
dashed curves to helium-oxygen atmospheres at 0.50 bar and the dotted curves to air. The
general trend of a decrease in the burning-rate constant with increasing initial droplet diameter is
evident in all of this data. Some specific data points, particularly the triangular points
representing 1.00 bar and 25% oxygen and the circles representing 0.50 bar and 35% oxygen,
suggest the existence of a minimum burning-rate constant at a particular initial droplet diameter,
but in view of the general trends of most of the data, it seems likely that these minima are only
apparent and are the result of run-to-run variability, although their existence cannot entirely be
ruled out. The decreasing of the burning-rate constant with increasing initial droplet diameter is
consistent with previous work [6], where the change was attributed to the formation of larger
quantities of soot.

Figure 6 clearly shows that the burning-rate constant decreases with increasing dilution, as
expected. It seems noteworthy that the extent of this increase is much greater at 1.00 bar (solid
curves) than at 0.50 bar (dashed curves). At 0.50 bar the results for 35% and 30% oxygen are
very close together, and even the single point available at this pressure for 25% oxygen is quite
close to these. Although there would be greater confidence in the conclusion that the dilution
effect is small at 0.50 bar if more data were available at that pressure, there seems to be sufficient
data to motivate seeking possible theoretical reasons for the small effect. The results in Fig. 6
for air clearly show the increase in the burning-rate constant caused by the fiber support (tether).
The two untethered droplets definitely exhibited lower burning-rate constants, and the FSDC
tether appears to increase the burning rate more than the DCE tether, which was made of a
different material, suggesting that the enhancement may be associated with heat conduction
along the fiber from the flame. The burning-rate constants for air are substantially lower than
those for helium-oxygen mixtures because of the high thermal conductivity of helium.
Conclusions

The tests performed during MSL-1 led to the first documented radiant extinction in n-heptane
droplet combustion. Tests performed at 1.00 bar showed that diffusive extinction occurs for
droplets smaller than 4.1 mm burning in a 35% oxygen environment with helium as the inert.
Diffusive extinction also occurs for droplets under 3.2 mm in a 30% environment and 1.7 mm in
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25% oxygen. The 20% oxygen environment was shown to be unable to support the combustion
of droplets larger than 0.9 mm in initial diameter. At 1.00 bar radiant extinction was observed
for droplets over 3.9 mm in the 30% environment and 2.8 mm in the 25% and 20% environment.
No tests at 35% in 1.00 bar exhibited radiant extinction (the largest droplet was 4.1 mm). For the
half-bar tests radiant extinction was observed during two tests: 3.1 mm initial droplet diameter
in a 30% oxygen environment and 2.9 mm initial droplet diameter in the 25% oxygen
environment. The quarter-bar tests showed radiant extinction at 35% oxygen with an initial
droplet diameter of 2.6 mm and diffusive extinction at 50% oxygen with an initial droplet
diameter of about 1.5 mm. These results can be viewed graphically in Fig. 5 with an
approximate radiant extinction limit drawn.

All of the droplets exhibited the classic linear decrease in time of the square of their
diameter. This behavior occurred independent of the more complex flame behavior. Flames
were generally found to grow and then shrink for tests that underwent diffusive extinction, and
grow to a maximum diameter, occasionally shrinking slightly, in cases of radiant extinction.
Some exceptions were found to this flame behavior, but all occurred during the 1.00 bar 20%
oxygen tests, and they were assumed to result from combustion of the accumulated vapors only.
In several environments the curves of the square of the droplet diameter as a function of time
exhibited a curvature wherein the burning-rate constant decreased over time. The lower oxygen
environments, as well as the lower pressures, did not exhibit this curvature.

Finite final flame diameters were measured in all tests that stayed within the view of the
flame-imaging camera. The final flame diameters appear to be dependent on initial droplet
diameter, especially in cases of radiative extinction. Additionally, several of these droplets in the
richer oxygen environments have immeasurably small to zero final droplet diameters, while in
other atmospheres the droplet still exists when the flame extinguishes.

Burning rates vary with initial droplet diameter, pressure and oxygen content. The burning-
rate constant decreases with increasing initial droplet diameter. Additionally, the pressure and
oxygen percentage have the predicted effect on burning-rate constants—decreasing the pressure
or the oxygen mole fraction increases the burning rate. More study of the influences of the initial
droplet diameter is desirable because the cause of the decrease is not well understood. Further
quantitative study of radiant extinction also needs to be done, as does examination of final
droplet and flame diameters with diffusive extinction.
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Recent Advancesin Science Support for |solated Droplet Combustion

Experiments
F.L.Dryer, A. Kazakov, B.D. Urban and K. Kroenlein
Mechanica and Aerospace Engineering, Princeton University, Princeton, NJ 08544-5263

INTRODUCTION

In ajoint program involving Prof. F.A. Williams of the University of California, San Diego
and Dr. V. Nayagam of the National Center for Microgravity Research, the combustion
characteristics of isolated liquid fuel droplets of n-heptane, n-decane, methanol, methanol-water,
ethanol and ethanol-water having initial diameters between about 1 mm and 6 mm continues to
be investigated. The objectives of the work are to improve fundamental knowledge of droplet
combustion dynamics for pure fuels and fuel-water mixtures through microgravity experiments
and theoretical analyses. The Princeton contributions support the engineering design, data
anaysis, and data interpretation requirements for the study of initially single component,
spherically symmetric, isolated droplet combustion studies through experiments and numerical
modeling. UCSD contributions are described in a companion communication in this conference.
The Princeton effort also addresses the analyses of Fiber Supported Droplet Combustion (FSDC)
experiments conducted with the above fuels and collaborative work with others who are
investigating droplet combustion in the presence of steady convection. A thorough interpretation
of droplet burning behavior for n-heptane and n-decane over a relatively wide range of
conditions also involves the influences of sooting on the combustion behavior, and this particular
aspect on isolated burning of droplets is under consideration in a collaborative program
underway with Drexel University (M.Y. Choi and collaborators). This collaboration is addressed
in another communication at this conference.

The one-dimensional, time-dependent, numerical modeling approach that we have continued
to evolve for analyzing isolated, quiescent droplet combustion data has been further applied to
investigate several facets of isolated droplet burning of simple acohols, n-heptane, and n-decane.
Some of the new results are described below.

LIQUID DENSITY EFFECTSON ETHANOL DROPLET COMBUSTION

In a recent paper, we quantitatively evaluated the effects of thermal expansion and solution
density variations on liquid drop diameter over the burning history of ethanol and ethanol water
droplets[1]. We treated the liquid mass and thermal transport via “effective” empirical transport
corrections (as we previously have done), and additionally considered a radial convective liquid
flow velocity component in the governing equations to assess the importance of variations in the
local liquid-phase density.

We found that the effects of liquid phase density changes are primarily confined to the initial
droplet heat-up period where an increase in droplet diameter due to thermal expansion resultsin
large negative contributions to the observed rate of droplet diameter change. After the initia
heat-up period is over, the contribution becomes much less important than that from the actual
liquid gasification rate, becoming mildly competitive again near the condition of extinction. At
extinction, the gasification rate ceases while an increase in liquid water content and subsequent
cooling both result in droplet contraction. The observed difference in drop diameters between
cases with and without consideration of liquid density changes is within about 6 %.
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Since the effects associated with liquid density changes are confined to a very short initial
period in the overal droplet gasification history, they can be essentially compensated for by
shifting the gasification rate curve. In other words, when plotted against the “extent of burning”

coordinate, 1-(d/d, )?, the gasification rate curves match within about 2 % during most of the

burning history. The integrated total water mass fraction histories in the liquid phase agree well
within the uncertainty with which this parameter can be determined experimentally.

The analyses show that the liquid phase density terms in the governing equations do not
affect significantly the model results for ethanol droplet combustion. By ignoring these terms,
the numerical stiffness of the computations can be significantly reduced. Once robust droplet
burning is established, there is very little “memory” of the initial transient heat-up period (as
long as the applied ignition energy does not overdrive the process) in the subsequent
computational predictions. All microgravity droplet combustion experiments involve some
asymmetry initially, due to ignition. However, these results support the assumption that
experimental burning histories can still be compared with uni-dimensional model results by
matching the parts of the curves subsequent to the initial heat up period. Nearly al investigators
that have performed microgravity experiments in droptowers and on space platforms have
employed this assumption. It should be stressed that results may be different for pure droplet
vaporization, but certainly the terms in question can be neglected in the analysis of microgravity
experiments in which relative gas phase and droplet velocities are small and one is interested in
burning rate, flame structure and extinction in the robust phases of burning.

TWO-STAGE IGNITION OF n-HEPTANE DROPLETS

Several microgravity studies on the thermal ignition behavior of n-heptane droplets have
appeared, one of the more recent being that of Schnaubelt et a.[2]. Data typicaly have been
generated by exposing a droplet that was initially at room temperature to a high ambient
temperature within a surrounding “oven”. Two-stage type ignition processes have been
observed, with complex kinetics suggested as the principal source of the behavior. With the
exception of the above work, numerical modeling of the experiments has not utilized reaction
mechanisms that included low-temperature, intermediate-temperature, and high-temperature

kinetics in significant detail. We used our numerical
model with the kinetics of Peters et a. [3] to
investigate the two-stage ignition character of an n-
heptane droplet immersed in a hot oxidizing vt
environment.

08 |

Figure 1 depicts the calculated thermal ignition
and gasification rate as functions of time for a 0.7mm
n-heptane droplet instantaneously immersed in air
with different far-field gas temperatures from 600-
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temperature diffusion flame surrounding the droplet. Time s

The gasification rate of the droplet increases very Figure1l Thermal ignition and combustion of a 0.7 mm
diameter n-heptane droplet in atmospheric pressure air

rapidly due to heat conducted to the droplet surface. | at different far field (ambient) temperatures.

The vapor formed diffuses away from the surface into
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the surrounding hot gases and begins to react with oxygen, producing localized heating of the
mixture. The localized chemical heat release leads to the occurrence of aflaming ignition. Little
local heat release is needed to drive the local region into explosively fast, chain branched (high
temperature) kinetic behavior within the fuel vapor surrounding the droplet (where oxygen is
also present). The exact region where this occurs is a complex function of temperature, local
equivalence ratio and time. The region of ignition leads to propagation of reaction through the
remaining stratified pre-mixed layer of fuel species and oxidizer and a sharp increase in
gasification rate due to the accompanying rapid heat release. This transitions into the typical
diffusive flame structure observed to be surrounding a burning droplet. Subsequently, a burning
rate above 0.8 mm?/s is achieved. This burning rate is consistent with the combustion of the
same size n-heptane droplet and far-field temperature, but established by the ignition processes
used to emulate spark ignition (asin our previous calculations).

For lower far-field ambient temperatures in air, the period of gasification prior to
establishing a high temperature diffusion flame structure becomes longer. The droplet is
consumed initially with a slower increase in gasification rate with time. As chemical heat release
builds in the gas phase from the vaporized n-heptane diffusing into the surrounding hot oxidizer,
the regression rate increases due to increases in the local gas temperatures nears the drop surface.
This characteristic persists at ambient temperatures between 950 K down to ones approaching
800 K. Note that the 800 K case shows an abrupt change in the gasification rate at about 0.35
seconds, a short time span over which the gasification rate increases very little with time,
followed by a period in which the gasification rate again increases rapidly to that found for
established diffusive burning. This behavior occurs because the portion of the fuel-vapor/air
mixture with conditions that lie in the intermediate and high temperature kinetic regimes at
higher ambient far field temperatures now partialy lie within a temperature range characteristic
of negative temperature coefficient (NTC) behavior and the chemical heat release rate available
to modify the temperature profile is reduced. Sufficient heat release eventually existsto drive the
region to temperatures characteristic of the high temperature regime (explosively fast chemistry),
and the remaining system is driven to flaming ignition and a diffusion flame structure the same
asthat achieved for initialy higher far field temperatures.

The same droplet in ambient air at temperatures from 800 K to approaching 600 K behave
differently that those with either higher or lower far field temperature conditions. Asthefar field
temperature drops, the characteristic period of the plateau region increases and the heat release
that can occur is lessened to an extent that overal, none of the reacting environment can be
driven into explosively fast chemica kinetic behavior before the droplet has been entirely
consumed. Asregions are driven to conditions within the parameter space characterized by NTC
kinetic behavior, the destruction of n-heptane in those regions and heat rel ease rate become very
slow. Some the vaporized fuel in these regions is not consumed over the lifetime of the drop,
even though it is mixed with oxidizer. Thus, although the droplet gasifies completely, a
substantial fraction of the n-heptane vapor formed escapes to the ambient.

Interestingly, when the far-field temperature is reduced below 650K to 600 K, the slowing
of the gasification rate disappears, and the system is driven to explosively fast kinetic behavior
and the same diffusive flame structure found for the high temperature far field conditions again.
In these cases, large regions of the reaction layer surrounding the droplet are at conditions
characteristic of low temperature oxidation kinetics, and the accompanying heat release is so
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rapid and large that conditions are driven through those
characterizing NTC behavior and to explosively fast
kinetic behavior.

A similar parametric study is shown in Fig. 2 for a
larger 1.4 mm diameter n-heptane droplet over the same
range of initial conditions. The size of the droplet
affects the period of droplet heating, its gasification rate
during theinitial phases of gasification, the thickness of
the layer of fuel-vapor/oxidizer/intermediate reaction
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the mass of liquid. In addition the time scale of == .
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As a result the coupling with low, NTC, intermediate, Time s

and high temperature reaction kinetics lead to a | Figure2 Thermal ignition and combustion of a 1.4

H i ANt ; H mm diameter n-heptane droplet in atmospheric
different ignition and burning behavior. Now, no oressure air at different far field  (ambient)

conditions are evidenced that eventually reach flaming | temperatures.

combustion conditions. However, it is clear from
inspection of these curves that, between 700 and 800K, there remains a period over which some
of the regions surrounding the droplet exhibit NTC kinetic behavior, slowing the rate of
gasification by reducing the rate of gas phase chemical heat addition.

Further calculations are presently underway using a minimized mechanism [4] derived from
the large detailed n-heptane oxidation mechanism published by Curran et al. [5].
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INTRODUCTION

The spherically-symmetric burning of an isolated droplet is a dynamic problem that
involves the coupling of chemical reactions, multi-phase flow (liquid, gas, particulate) with
phase change. To this end, microgravity droplet combustion serves as an ideal platform for
advancing the understanding the diffusion flame physics of liquid hydrocarbon fuels and
additives that are typicaly used in internal combustion engines and gas turbines. Due to the
complex and incomplete understanding of soot processes in the combustion of large molecular
weight hydrocarbon droplets, theoretical/computational formulations have historically neglected
sooting behavior. Testbed experiments in microgravity using droplet flames, used a mildly
sooting fuel, n-heptane, and employed parameter adjustment techniques to minimize sooting for
comparisons with and validations of numerical models. None of the experimental techniques,
however, were entirely successful and sooting remains a critical component in the analysis of
droplet combustion, commensurate with its importance in the burning of conventional fuels. A
thorough interpretation of droplet burning behavior cannot be accomplished without examining
and incorporating the influences of sooting and radiation. Concurrently, isolated droplet
combustion studies offer an opportunity to investigate sooting phenomena on the dynamics of
diffusion flames, and over parameter ranges not available in quasi-steady experiments such as
annular jet diffusion flames. The current state of numerical modeling approaches for droplet
combustion and diagnostics permits consideration of the transient nature of the sooting and
radiation at a level of detail that is computationally prohibitive and experimental intractable for
multi-dimensional  configurations. Experimental measurements and numerical model
development can provide a comprehensive test of their influence on the burning rate, flame
structure, flame extinction, and soot aerosol properties. Thus, this problem isalogical extension
of non-sooting droplet combustion experiments and numerical modeling efforts that have been
previously conducted.

This study involves flight experiments (for droplets between 1.5 to 5 mm) and supportive
ground-based experiments, with concurrent numerical model development and validation. The
experiments involve two fuels: n-heptane, and ethanol. The diagnostic measurements include
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light extinction for soot volume fraction, two-wavel ength pyrometry and thin-filament pyrometry
for temperature, spectral detection for OH chemiluminescence, broadband radiometry for flame
emission, and thermophoretic sampling with subsequent transmission electron microscopy for
soot aerosol property calculations.

ETHANOL EXPERIMENTS

Ethanol droplet combustion has been extensively studied by researchers using reduced-
buoyancy techniques. In a classical investigation, Godsave [ 1953] analyzed the burning behavior
of suspended ethanol droplet combustion. Kumaga and coworkers [Okajima and Kumagai,
1975; Hara and Kumagai, 1991] studied ethanol combustion using droptower facilities to
measure burning rates and flame diameters of ethanol for various initial droplet diameters and
investigate the importance of relative velocity of moving droplets. Lee and Law [1992] studied
combustion of small, freely-falling methanol and ethanol droplets in which they reported droplet
burning histories and time resolved bulk liquid-phase water mass fractions. Ethanol was aso
one of the primary fuels studied aboard the STS-94/MSL-1 Shuttle mission in the Fiber-
Supported Droplet Combustion-2 (FSDC-2) program [Colantonio et a., 1998]. In those studies,
the burning rate, flame diameter measurements, and extinction behavior for droplets ranging
from 2.5 to 6 mm were measured and analyzed. In al of the studies mentioned above,
experiments were performed for ethanol droplets burning in atmospheric pressure.
Consequently, there were no observations of sooting in those experiments.

Soot formation in ethanol droplet combustion was first observed by Yap [1984] in his
experiments using freely-faling droplets in a high-pressure drop-tube. In 2001, Urban et al.
[2001] observed the formation of a sootshell for ethanol droplets burning in pressures of 2 atmin
the NASA 2.2 sec. droptower. However, soot concentrations were not measured in these
experiments due to alack of appropriate diagnostic equipment.

In this work, we describe new experiments on the burning characteristics of isolated
ethanol droplets and the environmental conditions leading to soot formation and luminous
radiation. Experiments were performed by varying the pressure from 1 to 2.2 atm, the oxygen
concentrations from 21% to 50%, and the initia diameters from 1mm to 2.5 mm. Experiments
were performed at both the NASA Glenn 2.2 sec. drop tower and the JAMIC 10 sec. dropshaft.

Figure 1 displays the backlit images of ethanol droplets of 1.7 mm diameter burning in air
at pressures ranging from 1.0 to 2.2 aim. The lack of the presence of a sootshell is clearly
observed in the 1.0 and 1.5 atm experiments with dlight attenuation caused by small
concentrations of soot in the 2.2 atm experiment. In an effort to increase the likelihood of
forming soot in ethanol experiments, ambient pressure and the oxygen concentration were varied
in conjunction. Figure 2 displays the laser-backlit images of ethanol droplets burning in various
oxygen concentrations in nitrogen at 2.2 atm. At 21% and 25% O, in Ny, there is no luminosity
exhibited in the flame view and the attenuation of the laser beam in the backlit view was lacking.
As the oxygen concentration is increased to 30% O, in N, the formation of a distinct sootshell
and aluminous flame are observed. Another interesting behavior was noted in which the sooting
propensity appears to decrease at 40 % O, in N, case compared to the 30% O, in N, case.
Additional experiments and analysis are required to investigate this interesting behavior. From
the experiments shown in figure 2, the maximum soot volume fraction, fy max, Was measured the
using tomographic inversion technique. These measurements clearly bear out the interpretation
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from the visual observation — at 21% O, in N, there is no measurable soot concentration, while
a 30% O, in Ny, the maximum soot volume fraction is approximately 13 ppm. These
experiments clearly demonstrate the strong dependence of sooting behavior of ethanol droplets
on ambient pressure and oxygen concentration.

DROPLET COMBUSTION COMPUTATIONAL MODEL DEVELOPMENT

In this project, the numerical computation of droplet combustion is performed using a
moving finite-element chemically reacting flow model. The model simulates the transient,
spherically symmetric combustion of a liquid droplet in an infinite oxidizing medium by solving
the conservation equations of mass, species, and energy in both liquid and gas phases. The
model includes detailed description of gas-phase chemical kinetics and transport. Radiative heat
transfer is described using a Planck-mean absorption formulation for both the gas phase (non-
luminous) and soot.

Recently, many improvements to the model have been made that include:

a. The code structure was entirely rewritten to improve speed, stability, expandability, and to
simplify its future maintenance.

b. Numerical improvements include the use of hardware-optimized linear algebra subroutines,
modern iterative solvers (GMRES-based), dynamic memory management.

c. Liquid phase therma contraction/expansion is implemented (via supplied liquid-phase
equation of state).

d. The transport sub-models were custom-coded for efficiency; calculation of transport
coefficients is now (optionally) based on multicomponent formulation (as opposed to prior
mixture-averaged formulae) with inclusion of thermal diffusion terms for light species
(previoudly not available). The latter was shown to have a significant effect on soot
predictions in counterflow diffusion flames.

e. Chemical reaction terms are computed with the fast custom package that can be produced
from any CHEMKIN-formatted reaction mechanism; this approach offers drastic speed
improvements over the use of standard CHEMKIN libraries.

f. The basic framework for generic soot model was implemented and coupled with the main
components (the source terms for nucleation, coagulation, and surface growth/oxidation, and
the transport terms for molecular and thermal diffusion) viathird-order method of moments.
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FIGURES

Fig. 1 Ethanol droplets burning at 21 % oxygen in nitrogen and elevated pressure @) 1 atm;
b) 1.5am; c) 2.2 am

Fig 2 Ethanol droplets burning at elevated pressure and enhanced oxygen concentration a) 2.2
am 21% Oy; b) 2.2 atm 30% Oy; ¢) 2.2 atm 40% O,
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INTRODUCTION

The influences of slow convective flow on droplet combustion, particularly in the low
Reynolds number regime, have received very little attention in the past. Most studies in the
literature are semi-empirical in nature and they were motivated by spray combustion applications
in the moderate to high Reynolds number regime. None of the limited number of fundamental
theoretical studies applicable to low Reynolds numbers have been verified by rigorous
experimental data. Moreover, many unsteady phenomena associated with fluid-dynamic
unsteadiness, such as impulsive starting or stopping of a burning droplet, or flow
acceleration/decel eration effects, have not been investigated despite their importance in practical
applications. In this study we investigate the effects of slow convection on droplet burning
dynamics both experimentally and theoretically. The experimental portion of the study involves
both ground-based experiments in the drop towers and future flight experiments on board the
International Space Station. Heptane and methanol are used as test fuels, and this choice
complements the quiescent-environment studies of the Droplet Combustion Experiment (DCE).
An analytical model that employs the method of matched asymptotic expansions and uses the
ratio of the convective velocity far from the droplet to the Stefan velocity at its surface as the
small parameter for expansion € has also been developed as a part of this investigation. Results
from the ground-based experiments and comparison with the analytical model are presented in
this report.

EXPERIMENTS

Three separate experimental configurations were examined to generate slow convective
flows past a burning droplet in microgravity in preparation for the flight experiment. The first
configuration, used in the 2.2 Second Drop-Tower Facility employed a “flow tunnel” powered by
apressurized gas bottle to establish a uniform flow field around a droplet suspended at the end of
a fiber. Initial droplet diameters for these tests were approximately 1.0 mm to 1.5mm. The
second test configuration, designed for use in the Zero-Gravity Facility ( ZGF, the larger drop
tower providing up to 5 seconds of microgravity), utilized a translating mechanism to move the
droplet at very precise velocities through a quiescent medium to generate a uniform flow field.
The velocities for this system ranged from 0 cm/s to 3 cm/s and initial droplet diameters were
nominally 2.3 mm. The third test configuration was designed to fly on the KC-135 aircraft,
which provides around 20 seconds of microgravity, and it employed a flow-tunnel concept
similar to the 2.2 second tower. However, rather than using pressurized bottles of gas with a
sonic orifice, a fan was used to generate the required flows. In this test configuration only two
flow velocities were used (i.e., 5cm/s and 10 cm/s) and the initial droplet diameters were
considerably larger at approximately 3 mm.
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Tests were run for both n-heptane and methanol in the first two test configurations and for
only n-heptane in the KC-135 experiments. Two wide-band radiometers (i.e., 0.6 um to 40 um)
were used in each experimental configuration in the drop towers to obtain measurements of the
gas phase radiative losses. A single wide-band radiometer was used in the KC-135 experimental
rig. All radiometers were calibrated against a blackbody source at distances equal to the distance
from the droplet support fiber employed in the experimental rigs. The backlit images of the
droplet as well as the color images of the flames were obtained during these experiments.
Further details of the experiments can be found in [1].

ANALYSIS

An idealized model for droplet vaporization or combustion in the Burke-Schumann reaction-
sheet approximation is analyzed in terms of a Peclet number based on the Stefan velocity, taken
to be of order unity, for Lewis numbers of unity and for small values of a parameter €, defined as
the ratio of the convective velocity far from the droplet to the Stefan velocity at its surface.
Asymptotic solutions for the velocity, pressure and mixture-fraction fields are obtained through
second order in €. All earlier studies (see, e.g., [2-4]) treated the Reynolds number of convection
as the small parameter. The present anaysis is different in principle because a different small
parameter is selected, namely the ratio, €, of the convection velocity of the gas at infinity to the
velocity of the gas at the droplet surface without nonspherical convection. The mathematical
development therefore is different and precludes addressing the limit of a nonvaporizing droplet.
This selection was made with a view towards the problem intended to be studied. Despite this
difference, the resulting expansions contain all the elementsin most of the earlier analyses, some
of which explicitly refer to a“large radial velocity” and become equivalent mathematically to the
present development with appropriate restrictions. The present expansions thus retain essentially
the same range of applicability as earlier analyses, and the resulting aternative development
given here can help to clarify possible differences associated with different expansion
procedures. The results of this analysis are employed to calcul ate the effects of convection on the
burning rate and on the flame shape. Qualitative comparisons with experiment help to identify
the strengths and limitations of this model. The reader is referred to an earlier paper [5] for a
more detailed discussion of the formulation used in this analysis.

RESULTSAND DISCUSSION

The burning-rate constant, K, the slope of the graph of the square of the droplet diameter as a
function of time, was determined for each test run for which € is smaller than one. Figure 1
shows the comparison between the experimental measurements and the predictions of the current
asymptotic analysis, where (K/Kq — 1)is plotted against the square root of Reynolds number based
on droplet radius (Re= U, R/v,,). Here U, isthe imposed flow velocity, R is the droplet radius,

V.. 1S the kinematic viscosity, and K, is the burning rate constant when there is no flow. A Kg
value of 0.75 mm?s was employed in Fig. 1, athough a somewhat higher value (probably 0.8
mm?'s, within experimental accuracy) would be more appropriate, as suggested theoretically and
by the data point at Re=0 in the figure. Also, in calculating the Reynolds number the kinematic
viscosity was taken to be that of air at a mean temperature of 850K, although a somewhat higher
mean temperature (perhaps as high as 1200K) may be more appropriate, which would move the
data points in the figure to smaller values of Re. Since the present theory does not account for
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variable properties, it is essential in comparisons to make an adjustment of this type; if the
theoretical formulais used with v., evaluated at the ambient temperature of about 300K, then the
slope of the theoretical line is much too steep. In view of the uncertainties in Ko and in the
manner of evaluating mean properties, it is best to anticipate differences between theory and
experiment on the order of a factor of two and to consider the agreement that is seen here as
being only qualitative.

The flame shape predictions from the analytical results show good agreement with
experiment. Experimental flame measurements appear to be somewhat narrower and longer than
predicted, as illustrated in Figure 2 for a particular test. This general trend, observed for most of
the comparisons with experiment, may be due to the increase in flame length through finite-rate
chemistry downstream as well as variable properties, which are not addressed in the simplified
analytical model. The comparisons clearly indicate that, even after optimizing the selection of
the value of the diffusion coefficient, flame-shape differences between theory and experiment of
at least 20% should be anticipated.

Figure 3 shows the instantaneous radiative heat 10ss, Q«, plotted against the instantaneous
droplet diameter for n-heptane droplets burning in air with ambient flow velocities ranging from
0 cm/s to 10 cm/s. Average initial droplet diameters were 1.25 mm for the 2 second tower,
2.31 mm for the ZGF, and 3.3 mm for the KC-135. The aggregate plot, showing all results on
the same droplet scale, indicate that once the flame transient passes there is an expected
convergence in radiative heat loss. It is apparent that tests performed in the ZGF never extended
beyond the flame transient where flame expansion relative to the droplet diameter reached a
maximum. Thisis due to the relatively large initial droplet diameters used in these tests and the
commensurately short burn time allowed in this facility (i.e., data begins approximately 3
seconds after O-g ignition and steady velocity was reached). The considerably smaller droplets
used in the 2 second tower, coupled with the fact that the drop occurred after ignition, alowed
these tests to proceed beyond the flame-expansion period. When results from these tests are
plotted separately on a larger scale an interesting observation can be made concerning the
relationship between radiative heat losses and flow velocity. Preliminary results indicate that
radiative losses tend to decrease as the flow velocity is increased. One possible explanation is
that the flame shape becomes increasingly distorted into an ellipsoidal shape with increased flow.
The distorted flame shape results in a smaller radiating volume and this, coupled with an increase
in convective losses as hot gases are swept downstream, causes a decrease in radiative output
from the gas phase. Additionally, decreases in soot radiation resulting from shorter soot
residence times due to increased convective effects, also contribute to the observed decrease in
radiative output. Recently, we have carried out several experiments with accelerating and
decelerating droplets and the results will be presented elsewhere. Some preliminary results can
befoundin [1].

CONCLUDING REMARKS

Predicted qualitative trends from the asymptotic analysis are supported by experiment. The
prediction that the burning rate increases linearly with Reynolds number for small Reynolds
numbers is consistent with experiment. The predicted general elongation of the flame in the
flow direction and its narrowing transversely are consistent with experiment, but these variations
appear to be somewhat more pronounced experimentally, likely because of effects of variable
properties and finite-rate chemistry, especially of soot. It may thus be concluded that qualitative
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trends may be obtained from the theory, but refinements (introducing greater complexity) are
needed for improved quantitative predictions. Experimental results from each of the test
configurations show that radiative heat losses from the gas phase contribute to a substantial
portion of the overall heat loss mechanism. Additional tests are currently underway to
investigate the unsteady effects during convective droplet burning.
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Numerical Model

The problem considered is that of a single-component liquid fuel (n-heptane) droplet
undergoing evaporation and combustion in a hot, convective, low pressure, zero-gravity
environment of infinite expanse. For amoving droplet, the relative velocity (U.,) between the
droplet and freestream is subject to change due to the influence of the drag force on the droplet.
For a suspended droplet, the relative velocity is kept constant.

The governing equations for the gas-phase and the liquid-phase consist of the unsteady,
axisymmetric equations of mass, momentum, species (gas-phase only) and energy conservation.
Interfacial conservation equations are employed to couple the two phases. Variable properties
are used in the gas- and liquid-phase. Multicomponent diffusion in the gas-phase is accounted
for by solving the Stefan-Maxwell equations for the species diffusion velocities. A one-step
overall reaction is used to model the combustion [1].

The governing equations are discretized using the finite volume and SIMPLEC methods.

A colocated grid is adopted. Hyperbolic tangent stretching functions are used to concentrate grid
points near the fore and aft lines of symmetry and at the droplet surface in both the gas- and
liquid-phase. The discretization equations are solved using the ADI method with the TDMA used
on each line of the two alternating directions. Iterations are performed within each time-step
until convergence is achieved. The grid spacing, size of the computational domain and time-step
were tested to ensure that all solutions are independent of these parameters. A detailed
discussion of the numerical model isgivenin[2,3].

Results and Discussion

The numerical model was used to investigate the combustion of a n-heptane droplet with an
initial diameter (do) of 500 pm. Two cases were studied: a) amoving droplet, and b) a
suspended droplet within a convective environment. The results presented here are for an
ambient temperature (T,,) of 1000 K, an ambient pressure (P.,) of 1 atm, aninitial droplet
temperature (Tp) of 297 K and initia Reynolds numbers (Rep) of 8, 10 and 50.

Table 1 compares the lifetimes of both moving and suspended n-heptane droplets for the
Reynolds numbers considered. The table contains interesting results that need to be explained.
For example, the lifetime of amoving droplet with Rey = 50 is longer than the lifetimes of
moving droplets with initial Reynolds numbers of 8 and 10. Furthermore, for the same initial
Reynolds number, the suspended droplet burns out faster than its moving droplet counterpart in
two cases (Rep = 8, 50), while for Rey = 10, the result is opposite. In the remainder of this
section, the results presented in Table 1 will be discussed in more detail.

Figure 1 shows the time history of the dimensionless droplet diameter squared (d/do)?,
Reynolds number, Damkohler number and evaporation constant (K) for a suspended and a
moving droplet with Rey = 8. The suspended and moving droplet developed envel ope flames at
approximately the same time (t = 30 ms). Considering the droplet lifetimes (231 and 240 ms),
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this happened at avery early stage. Once the envelope flame formed, it remained for both
droplets until the end of their lifetimes. Thus during most of the droplet lifetime, both the
suspended and the moving droplet experience the same flame configuration. Thisimplies that
the two droplets will exhibit similar burning behavior and thus similar lifetimes. Figure 1(a)
shows that to be true. The dropletsin both cases have very similar diameter squared time
histories.

Rey =8 | 